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This research aimed at determining the effect of exhaust aftertreatment 
devices and ultra low sulfur diesel (ULSD) fuel on the reactivity of exhaust 
emissions from heavy duty diesel (HDD) engines. Specifically, the objective of 
this research was to determine the effect of  two diesel particulate filters: 
Engelhard DPX™ and Johnson Matthey CRT™, and two ULSD fuels, ECD 
and ECD1 on the ozone forming potential (OFP) of exhaust emissions from 
HDD engines. To achieve this objective, data was obtained from the “ECD 
Study” performed in the Spring 2001 to chemically characterize emissions 
from trucks and buses operating on the two test fuels.  The test matrix 
included four diesel vehicles and two compressed natural gas vehicles 
retrofitted with and without passive diesel particulate filters. 
The study showed that without any aftertreatment device, the reactivity 
of emissions from vehicles running on ultra low sulfur diesel fuels was similar 
to baseline vehicles, which were operating on CARB certification diesel fuel 
(350 ppm S).  However, when the vehicle was equipped with diesel 
particulate filters and operated on one of the ultra low sulfur diesel fuels, the 
ozone forming potential was reduced by approximately 95%. The research 
also showed that ECD fuel resulted in as much as 22% more reduction in 
OFP as compared to ECD1.  Reductions of up to 40% were observed on a 
 mass-specific basis, that is in terms of mass of ozone per mass of VOCs.  
The ULSD and DPF combination was also highly effective in reducing the 
ozone forming potential by decreasing carbonyl emissions by up to 99% 





As I approach the completion of my thesis, I can easily see that none 
of this would have been possible without the support and encouragement that 
I received from lot of people in my life. First and foremost I'll like to thank my 
parents and my sisters Anju, Preeti and Deepa for being there and always 
supporting me for whatever I wanted to do. You always gave me pointers to 
help me choose the appropriate path without imposing your desires and gave 
me complete freedom to walk the way I want to. 
I would not have been able to complete this thesis without the 
guidance from Dr. Mridul Gautam. Apart from the technical things related to 
thesis, I learnt some great lessons of life from you. My sincere thanks to you 
Dr. Gautam. 
This thesis would not have seen the day without the extreme 
cooperation of Dr. Scott Wayne and Dr. Nigel Clark. I am more than thankful 
to you for squeezing out time from your buzy schedule and helping me with 
the thesis. 
Sharad, I am thankful to you for waking me to one wonderful aspect of 
life; "life is no fun without challenge". Maybe you did not even realize what 
difference you are bringing to my life when you said this 4 years back. 
 v
Peeush, thanks for patiently listening to me, discussing with me and 
helping me to choose the most appropriate option. Without your wise and 
candid inputs my life will be so confused. 
My pillars of life: Anupam, Shashank, Vineeta, Debu, Vishal and 
Peeush. Without you life would be an altogether different game; a very boring 
and tough game. 
I would like to thank  Guru, Sam, Hemant and Mohan for providing me 
with all the help required with my thesis. 
When I came to Morgantown, I was apprehensive if I will enjoy my stay 
here. I did! My heartiest thanks to Raju, Deepak, Michelangelo, Leo, Nevena, 
Aseem, Brandy, Raffaello, Claudia and Jayant for being wonderful friends. 
You made my life in Morgantown so much fun and helped me during my 
tough times. Thank you. 
 vi
TABLE OF CONTENTS 
 
 




TABLE OF CONTENTS ................................................................................. vi 
 
LIST OF FIGURES......................................................................................... ix 
 





1.1 Emissions from Heavy-Duty Diesel Vehicles.....................................2 
1.2 Ozone and its Effects ........................................................................3 
1.3 Objective ...........................................................................................6 
 
2 LITERATURE REVIEW ............................................................................8 
2.1 Selection of Appropriate Reactivity Scale........................................10 
2.2 Reactivity Adjustment Factors.........................................................13 
2.3 Weekend Ozone Effect ...................................................................14 
2.4 Aftertreatment Devices....................................................................17 
2.4.1 Diesel Particulate Filter ............................................................18 
2.4.2 Diesel Oxidation Catalyst .........................................................21 
2.5 Ultra Low Sulfur Diesel Fuels ..........................................................23 
 
3 EXPERIMENTAL EQUIPMENT AND PROCEDURES...........................25 
3.1 Introduction .....................................................................................25 
3.2 Test Vehicles...................................................................................25 
3.3 Test Diesel Particulate Filters..........................................................28 
3.4 Test Fuels .......................................................................................28 
3.5 Sampling System ............................................................................32 
3.6 Data Collection Overview................................................................36 
3.7 Data Reduction ...............................................................................37 
 
4 RESULTS AND DISCUSSIONS.............................................................39 
4.1 School Bus ......................................................................................45 
 vii
4.1.1 Effect of Aftertreatment Device ................................................45 
4.1.2 Effect of Different Fuels............................................................45 
4.1.3 Combined Effect of Aftertreatment Device and Emission Control 
Diesels .....................................................................................47 
 
4.2 Grocery Truck .................................................................................56 
4.2.1 Effect of Aftertreatment Device ................................................56 
4.2.2 Effect of Different Fuels............................................................56 
4.2.3 Combined Effect of Aftertreatment Device and Emission Control 
Diesels .....................................................................................58 
 
4.3 Transit Bus ......................................................................................67 
4.3.1 Effect of Aftertreatment Device ................................................67 
4.3.2 Effect of Different Fuels............................................................68 
4.3.3 Combined Effect of Aftertreatment Device and Emission Control 
Diesels .....................................................................................69 
 
4.4 WVU-Lubrizol DPF + DOC Study on C8.3G+ .................................78 
 
5 CONCLUSIONS AND RECOMMENDATIONS ......................................89 
5.1 Conclusions.....................................................................................89 





Appendix A: MIR Values ............................................................................99 
 
Appendix B: School Bus Data..................................................................102 
Appendix B.1: School Bus VOC Data (mg/mi)......................................102 
Appendix B.2: School Bus VOC OFP Data (mgoz/mi)...........................106 
Appendix B.3: School Bus Carbonyl Data (mg/mi) ...............................110 
Appendix B.4: School Bus Carbonyl OFP Data (mgoz/mi) ....................113 
 
Appendix C: Grocery Truck Data .............................................................116 
Appendix C.1: Grocery Truck VOC Data (mg/mi) .................................116 
Appendix C.2: Grocery Truck VOC OFP Data (mgoz/mi) ......................120 
Appendix C.3: Grocery Truck Carbonyl Data (mg/mi) ..........................124 
Appendix C.4: Grocery Truck Carbonyl OFP Data (mgoz/mi) ...............127 
 
Appendix D: Transit Bus Data..................................................................130 
 viii
Appendix D.1: Transit Bus VOC Data (mg/mi) .....................................130 
Appendix D.2: Transit Bus VOC OFP Data (mgoz/mi)...........................134 
Appendix D.3: Transit Bus Carbonyl Data (mg/mi)...............................138 
Appendix D. 4: Transit Bus Carbonyl OFP Data (mgoz/mi) ...................141 
 ix
LIST OF FIGURES 
 
Figure 2.1 Ozone Levels As a Function of NOx and VOC [4]...........................16 
 
Figure 3.1 Schematic of the Sampling System..................................................32 
 
Figure 4.1 School Bus VOC Emissions for CSHVR ..........................................49 
 
Figure 4.2 School Bus VOC OFP for CSHVR....................................................51 
 
Figure 4.3 School Bus Carbonyl Emissions for CSHVR ...................................52 
 
Figure 4.4 School Bus Carbonyl OFP for CSHVR.............................................53 
 
Figure 4.5 School Bus Total Emissions for CSHVR ..........................................54 
 
Figure 4.6 School Bus Total OFP for CSHVR ...................................................55 
 
Figure 4.7 Grocery Truck VOC Emissions for CSHVR .....................................60 
 
Figure 4.8 Grocery Truck VOC OFP for CSHVR...............................................62 
 
Figure 4.9 Grocery Truck Carbonyl Emissions for CSHVR ..............................63 
 
Figure 4.10 Grocery Truck Carbonyl OFP for CSHVR......................................64 
 
Figure 4.11 Grocery Truck Total Emissions for CSHVR ...................................65 
 
Figure 4.12 Grocery Truck Total OFP for CSHVR ............................................66 
 
Figure 4.13 Transit Bus VOC Emissions for CBD .............................................71 
 
Figure 4.14 Transit Bus VOC OFP for CBD.......................................................73 
 
Figure 4.15 Transit Bus Carbonyl Emissions for CBD ......................................74 
 
Figure 4.16 Transit Bus Carbonyl OFP for CBD................................................75 
 
Figure 4.17 Transit Bus Total Emissions for CBD .............................................76 
 x
 
Figure 4.18 Transit Bus Total OFP for CBD.......................................................77 
 
Figure 4.19 C8.3G+ VOC Emissions ..................................................................82 
 
Figure 4.20 C8.3G+ VOC OFP............................................................................84 
 
Figure 4.21 C8.3G+ Carbonyl Emissions ...........................................................85 
 
Figure 4.22 C8.3G+ Carbonyl OFP.....................................................................86 
 
Figure 4.23 C8.3G+ Total Emissions..................................................................87 
 
Figure 4.24 C8.3G+ Total OFP ...........................................................................88 
 xi
LIST OF TABLES 
 
Table 1.1 EPA Emission Standards for Heavy-Duty Diesel Engines (g/bhp-hr) 
[3] ......................................................................................................................3 
 
Table 1.2 Selected Ambient Air Quality Standards [4] ........................................5 
 
Table 3.1 Vehicle Description and Engine Details [30] .....................................26 
 
Table 3.2 Vehicle Test Matrix [29].......................................................................27 
 
Table 3.3 Diesel Fuel Properties [30]..................................................................30 
 
Table 3.4 CNG Fuel Properties [30]....................................................................31 
 
Table 3.5 Sampling Media and Analysis Methods [29] .....................................34 
 
Table 4.1 List of Compounds in Each Chemical Compound Class .................44 
 
Table 4.2 School Bus VOC Emissions (mg/mi) for CSHVR .............................48 
 
Table 4.3 School Bus VOC OFP (mgoz/mi) and mass specific VOC OFP 
(mgoz/mgVOC) for CSHVR..............................................................................50 
 
Table 4.4 School Bus Carbonyl Emissions (mg/mi) for CSHVR ......................52 
 
Table 4.5 School Bus Carbonyl OFP (mgoz/mi) for CSHVR .............................53 
 
Table 4.6 School Bus Total Emissions (mg/mi) for CSHVR .............................54 
 
Table 4.7 School Bus Total OFP (mgoz/mi) for CSHVR ....................................55 
 
Table 4.8 Grocery Truck VOC Emissions (mg/mi) for CSHVR ........................59 
 
Table 4.9 Grocery Truck VOC OFP (mgoz/mi) and mass specific VOC OFP 
(mgoz/mgVOC) for CSHVR..............................................................................61 
 
Table 4.10 Grocery Truck Carbonyl Emissions (mg/mi) for CSHVR ...............63 
 
 xii
Table 4.11 Grocery Truck Carbonyl OFP (mgoz/mi) for CSHVR ......................64 
 
Table 4.12 Grocery Truck Total Emissions (mg/mi) for CSHVR ......................65 
 
Table 4.13 Grocery Truck Total OFP (mgoz/mi) for CSHVR.............................66 
 
Table 4.14 Transit Bus VOC Emissions (mg/mi) for CBD ................................70 
 
Table 4.15 Transit Bus VOC OFP (mgoz/mi) and mass specific VOC OFP 
(mgoz/mgVOC) for CBD ...................................................................................72 
 
Table 4.16 Transit Bus Carbonyl Emissions (mg/mi) for CBD .........................74 
 
Table 4.17 Transit Bus Carbonyl OFP (mgoz/mi) for CBD ................................75 
 
Table 4.18 Transit Bus Total Emissions (mg/mi) for CBD ................................76 
 
Table 4.19 Transit Bus Total OFP (mgoz/mi) for CBD .......................................77 
 
Table 4.20 C8.3G+ VOC Emissions (mg/mi) .....................................................81 
 
Table 4.21C8.3G+ VOC OFP (mgoz /mi) and mass specific VOC OFP 
(mgoz/mgVOC)..................................................................................................83 
 
Table 4.22 C8.3G+ Carbonyl Emissions (mg/mi) ..............................................85 
 
Table 4.23 C8.3G+ Carbonyl OFP (mgoz/mi) .....................................................86 
 
Table 4.24 C8.3G+ Total Emissions (mg/mi) .....................................................87 
 




Amb  Ambient 
AQIRP  Auto/Oil Air Improvement Research Program 
Bkg  Background 
CARB  California Air Resoruce Board 
CDPF  Catalyzed Diesel Particulate Filter 
CFR  Code of Federal Regulations 
CO  Carbon monoxide 
CO2  Carbon dioxide 
CNG  Compressed Natural Gas 
CRT  Continuously Regenerating Technology 
DPF  Diesel Particulate Filter 
DOC  Diesel Oxidation Catalyst 
ECD  Emission Control Diesel 
EPA  Environmental Protection Agency 
FID  Flame Ionization Detector 
FT   Fischer Tropsch 
FTP  Federal Test Procedure 
GC  Gas Chromatograph 
 xiv
g   gram 
HC  Hydrocarbons 
HEPA  High Efficiency Particulate Air 
HPLC  High Performance Liquid Chromatograph 
mg  Milligram 
MIR  Maximum Incremental Reactivity 
MOR  Maximum Ozone Reactivity 
mi   mile 
MS  Mass Spectrometer 
NAAQS  National Ambient Air Quality Standards 
nd   Not Detected 
NMHC  Non Methane Hydrocarbons 
NMOG  Non Methane Organic Gases 
NOx  Oxides of Nitrogen 
NPAH  Nitro-Polycyclic Aromatic Hydrocarbons 
OC  Oxidation Catalyst 
OEM  Original Equipment Manufacturer 
OFP  Ozone Forming Poetntial 
oz   Ozone 
PAH  Polycyclic Aromatic Hydrocarbons 
PCDD  Polychlorodibenzodioxan 
 xv
PCDF  Polychlorodibenzofuran 
PM  Particulate Matter 
ppb  parts per billion 
ppm  parts per million 
RAF  Reactivity Adjustment Factors 
ROG  Reactive Organic Gases 
SOF  Soluble Organic Fraction 
THC  Total Hydrocarbons 
TMB  Trimethyl Benzene 
Tnl  Tunnel 
TPM  Total Particulate Matter 
ULSD  Ultra Low Sulfur Diesel 
Unc  Uncorrected 
Uny  Uncertainty 
VOC  Volatile Organic Compound 
WHO  World Health Orginization 




According to an estimate by California Air Resource Board (CARB) 
done in 2000, although Heavy-Duty Diesel (HDD) vehicles account for only 
4% of the vehicle population in California, they contribute 38% of the total 
oxides of nitrogen emissions from on-road vehicles [1]. Apart from oxides of 
nitrogen, the emissions also consist of significant quantities of volatile organic 
compounds (VOCs). These oxides of nitrogen and VOCs have the potential to 
form ground level ozone in presence of sunlight. Presence of ground level 
ozone in atmosphere is undesirable due to its detrimental effects on humans, 
animals, crops and the environment. As such, due to their reactivity, the 
exhaust emissions from HDD vehicles are of particular concern and it is 
desirable to reduce the ozone forming potential of the exhaust emissions by 
reducing the mass of exhaust emissions. 
 
Retrofitting a vehicle with aftertreatment device and powering it with 
ultra low sulfur diesel (ULSD) fuels is an effective way to reduce the 
emissions and hence the ozone forming potential of the emissions. This 
research investigates the effect of aftertreatment devices and ULSD fuels on 
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the ozone forming potential of exhaust emission from heavy-duty diesel 
engines. 
1.1 Emissions from Heavy-Duty Diesel Vehicles 
Emissions from HDD vehicles contain thousands of organic and inorganic 
pollutants which include oxides of nitrogen, hydrocarbons (and their 
derivatives), carbon monoxide, sulfur oxides and particulate matter [2]. Many 
of the pollutants are components of unburned fuel and lubricating oil or 
incomplete combustion of fuel and oil.  Carbon monoxide, an inorganic 
pollutant, is formed due to incomplete combustion of carbon. Oxides of 
nitrogen are formed from the reaction of oxygen and nitrogen present in air at 
high temperatures found in the combustion chamber. Oxides of sulfur are 
produced from the oxidation of sulfur compounds present in the fuel. The 
dissipation of these pollutants in the atmosphere is undesired because of their 
adverse impact on human health, plants, crops and man-made products. 
They also cause acid rain, destruction to stratospheric ozone, global warming 
and reduction in the atmospheric visibility. To control the emissions from HDD 
vehicles into atmosphere, the Environmental Protection Agency (EPA) 
promulgates emission standards.  
Table 1.1 lists the emission standards for PM and regulated emissions 
from HDD truck engines [3]. Carbon dioxide (CO2) and methane are most 
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common greenhouse gases but do not have any direct impact on human 
health. As such these pollutants are not regulated by the EPA. 
 
Table 1.1 EPA Emission Standards for Heavy-Duty Diesel Engines 
(g/bhp-hr) [3] 
 
Year NOx HC CO PM 
1988 10.7 1.3 15.5 0.6 
1990 6 1.3 15.5 0.6 
1991 5 1.3 15.5 0.25 
1994 5 1.3 15.5 0.1 
1998 4 1.3 15.5 0.1 
     
 NOx NMHC CO PM 
2004 2.5 0.5 15.5 0.1 
2007 0.2 0.14 15.5 0.01 
 
1.2 Ozone and its Effects 
Once released into the atmosphere, the pollutants from HDD vehicles 
are subject to dispersion and transport and at the same time, and to chemical 
and physical transformations into secondary pollutants. The secondary 
pollutants can be at times more harmful than precursors. Ozone is one major 
secondary pollutant which is formed in the atmosphere by a variety of 
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photochemical reactions involving volatile organic compounds (VOC) and 
oxides of nitrogen (NOx) in the presence of sunlight.  
 
There are two types of ozone: 1) stratospheric and 2) tropospheric or 
ground level ozone. Ozone in the stratosphere is desirable to maintain proper 
climatic balance on earth and to shield it from harmful ultraviolet rays which 
may cause skin cancer. Tropospheric ozone, the main harmful ingredient in 
smog plaguing most of the large metropolitan areas in the world, is 
undesirable. Ozone is an oxidizing compound of extreme chemical activity. As 
its concentration rises, it reacts with other constituents of smog, cleaning the 
air and slowly disappearing from the atmosphere. In this way, it plays a role of 
a nature’s “cleansing agent”, which is released to remove the impurities from 
air. Unfortunately, its chemical attack is not limited to pollutants, it affects 
humans as well. It can cause throat irritation, congestion and chest pains. 
Ozone also attacks and damages human lung tissues making people 
susceptible to respiratory infections and aggravates respiratory diseases. 
Furthermore, ozone inhibits the growth of plants and can cause widespread 
damage to crops and forests. As such, in the past few years, Ozone Forming 
Potential (OFP) of the emissions from heavy-duty diesel (HDD) vehicles has 
become a matter of concern. Governments and international organizations 
have been taking steps to protect the quality of air and to control emissions in 
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the air. Table 1.2 gives limits for selected air pollutants established by US 
National Ambient Air Quality Standards (NAAQS), California and World 
Health Organization (WHO) [4]. The particular limits are averages over 
different periods of time, as indicated in the table. 
 
Table 1.2 Selected Ambient Air Quality Standards [4] 
Pollutant US NAAQS California WHO 
Ozone (1 hr) 0.12 ppm 0.09 ppm - 
Ozone (8 hr) 0.08 ppm 0.07 ppm 120 µg/m3 
Carbon Monoxide (1 hr) 35 ppm 20 ppm 30,000 µg/m3 
Carbon Monoxide (8 hr) 9.4 ppm 9 ppm 10,000 µg/m3 
PM10 (24 hr) 150 µg/m3 50 µg/m3 - 
PM10 (1 yr) 50 µg/m3 30 µg/m3 - 
Nitrogen Dioxide (1 hr) - 0.250 ppm 200 µg/m3 
Nitrogen Dioxide (24 hr) - - - 
Nitrogen Dioxide (1 yr) 0.052 ppm - 40 µg/m3 
Sulfur Dioxide (24 hr) - - 125 µg/m3 
Sulfur Dioxide (1 yr) - - 50 µg/m3 
 
There are many factors that influence the OFP of emissions from HDD 
vehicles: 1) engine design, 2) fuel, 3) aftertreatment device used, 4) control 
system of engine, 5) engine cycle. To control the quality of atmospheric air it 
is important to investigate how these factors affect the OFP of emissions from 
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HDD vehicles. Thus, it is important to determine the OFP of emissions from 
HDD vehicles. Determining the OFP also helps developing Reactivity 
Adjustment Factors (RAFs) which aid in proper comparison of conventional 
gasoline and diesel fueled vehicles with alternatively fueled vehicles. More 
about RAFs is discussed in Section 2.2. 
 
1.3 Objective 
The global objective of this research was to determine the ozone 
forming potential of exhaust emissions from HDD vehicles.  
 
The specific objective of this research was to determine the effect of 
aftertreatment devices and fuels on ozone forming potential (OFP) of organic 
compounds speciated during the Emission Control Diesel (ECD) study, which 
was conducted in Spring 2001 to chemically characterize exhaust emissions 
from trucks and buses fueled by various test fuels and operated with and 
without diesel particle filters. To achieve this objective, data were obtained 
from the ECD study, and the OFP of VOC emissions and carbonyl emissions 
were calculated for individual tests. In addition to distance specific OFP (mg 
of ozone/mile), mass specific OFP (mg of ozone/mg of VOC) was also 
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calculated for HC to examine the profile of exhaust emissions in different 
scenarios. 
 
Discussion on selection of an appropriate reactivity scale to determine 
OFP of emissions from HDD vehicles is presented in Chapter 2. Experimental 
setup and procedures used during the ECD study are discussed in Chapter 3. 
The results of this research, that is, OFP of emissions from different tests 
done during the study are presented in Chapter 4. Conclusions and 
recommendations for future work are presented in Chapter 5. 
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2 LITERATURE REVIEW 
In early 90’s, the Auto/Oil Air Improvement Research Program 
(AQIRP) was launched to develop data which could be used for air modeling 
studies, and for use by regulators and legislators. This program was a 
cooperative research program initiated by three major domestic automobile 
companies and fourteen petroleum companies [5]. With the launching of this 
program, along with efforts directed at controlling oxides of nitrogen (NOx), 
carbon monoxide (CO), total hydrocarbons (THC) and total particulate matter 
(TPM), it became important to determine the ozone impact of exhaust 
emissions. CARB uses OFP of individual hydrocarbon species present in 
exhaust emissions for their light-duty certification process of low emission 
vehicles. It aids CARB in comparing OFP of the hydrocarbons emitted from 
alternate-fuel vehicles (including methanol-, ethanol-, natural gas-, and 
propane-fueled vehicles) to those emitted from gasoline-fueled vehicles. 
CARB undertook the task of applying this approach to their heavy-duty low 
emission vehicle program [6]. 
 
All species in the exhaust emissions do not have the same reactivity; 
some of them contribute heavily while others have almost negligible ozone 
impact. A study done to investigate the effect of alkenes on reactivity of 
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emissions indicates that alkenes are among the most photochemically 
reactive components in emissions from vehicles [7]. Aromatic compounds 
also have large impact on ozone formation. Interestingly, most of the aromatic 
compounds are inherently present in diesel exhaust emissions irrespective of 
the aromatic content of the fuel or operating condition [8]. Apart from alkenes 
and aromatics, aldehydes also contribute significantly towards the ozone 
forming potential of diesel exhaust [9].  
 
In this research, the ozone impact of methane in diesel exhaust was 
not taken into account due to its very low Maximum Incremental Reactivity 
(MIR) value (0.0139). In fact, a study done to speciate volatile and semi-
volatile hydrocarbon of a current low emission medium duty diesel engine 
showed that intake air had more methane than the exhaust, thus indicating 
consumption of methane in the engine. Thus, it may be assumed that the 
OFP of methane present in atmosphere may be higher than the ozone impact 
of methane in exhaust from diesel vehicles [10]. 
 
The objective of this research was to determine distance specific 
reactivity of emissions from heavy-duty diesel engine vehicles. This can be 
achieved by multiplying the reactivity of each VOC by the emission rate of 
that particular VOC. But, it is of utmost importance to select appropriate 
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reactivity scale before proceeding with any calculations. The following 
sections provide a detailed discussion on selection of a reactivity scale, 
reactivity adjustment factors (RAF), weekend ozone effect, aftertreatment 
devices and ultra low sulfur diesel (ULSD). 
 
2.1 Selection of Appropriate Reactivity Scale 
Oxides of nitrogen (NOx) in the presence of oxygen forms ozone due to 
a series of photochemical reactions, with NO as an intermediate compound. 
The ozone formed is removed by rapid reaction with NO, thus keeping ozone 
levels insignificant. However, the presence of VOCs in the atmosphere either 
consumes the intermediate NO or converts it to NO2. As such, once released 
into the atmosphere, VOCs have the potential to form ozone in the presence 
of NOx [11]. 
 
The effect of VOC on ozone formation can be quantified in many 
different ways, but probably the most direct quantitative measure for practical 
air quality impact assessments is its "incremental reactivity”. This is defined 
as the amount of additional ozone formation resulting from the addition of a 
small amount of the compound to the system in which ozone is formed, 
divided by the amount of the compound added [12]. Such an approach 
 11
ascertains that no changes are made in the system due to addition of VOC. 
Incremental reactivity is considered as a product of two factors called as the 
"kinetic" and the "mechanistic" reactivities [13].  
 
Reactivity cMechanistiReactivity KineticReactivity lIncrementa ×=  
 
The kinetic reactivity is the fraction of the emitted VOCs which react 
 
EmittedVOC
Reacted VOCReacted FractionReactivity Kinetic ==  
 
The mechanistic reactivity is the amount of ozone formed relative to the 
amount of VOCs which react 
 
ReactedVOC
Formed OzoneReactivity cMechanisti =  
 
The value of incremental reactivity for a particular VOC is not absolute; 
it rather depends on concentration of different gases present in the system. 
 
Under high NOx conditions with low VOC/NOx ratio, VOCs have  the 
maximum value of their incremental reactivities known as MIR. Under such 
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conditions, the ozone formation is highly sensitive to changes in VOC 
concentration. On the other hand, under low NOx conditions the ozone 
formation is primarily controlled by atmospheric NOx. In such circumstances, 
Maximum Ozone Reactivity (MOR) provides a better estimation of the impact 
of VOC on ozone formation.  
 
In this research MIR scale developed by Carter [14] was used to 
determine OFP of emissions from HDD vehicles. This MIR scale was used for 
several reasons, namely, 
 
1. This scale is applicable in areas with low VOC/NOx ratio which is found 
in urban regions and the leeward side of urban regions where highest 
emission densities exist. Also, it is in these areas that the controlling 
VOCs have the maximum benefit. 
2. CARB uses this scale when implementing reactivity-based standards 
for motor vehicle emissions. 
3. Compared to other reactivity scales and models, extensive 
experimental, theoretical and computational work has been done in 
creating this scale. 
4. Though not a very important reason, this scale contains MIR values for  
the maximum number of VOCs. 
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2.2 Reactivity Adjustment Factors 
In 1991, CARB adopted the MIR scale for deriving RAFs in its "Clean 
Fuels/Low Emissions Vehicle" regulations to place regulation of VOCs in 
exhausts from alternatively-fueled vehicles on an equal ozone impact basis 
[15].  
 
Prior to the emergence of alternate-fuel vehicles, the emissions 
reported in terms of Non-Methane Hydrocarbons (NMHC) were adequate to 
represent organic gas emissions from conventional gasoline and diesel fueled 
vehicles. However, the NMHC measurement does not include oxygenated 
compounds (such as formaldehyde). Some of these oxygenated compounds 
may be present in considerable quantities in exhaust emissions from 
alternatively fueled vehicles and significantly contribute to exhaust reactivity in 
the form of OFP. Therefore, along with the total mass of emissions, it is 
important to consider the total OFP of emissions. This provides a more 
accurate comparison between the quality of emissions from vehicles running 
on conventional and alternative fuels. 
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To perform a reactivity based comparison of emissions from vehicles, 
the total OFP of emissions is calculated by applying MIR or MOR to a fully 
speciated Non-Methane Organic Gases (NMOG) emission profile. The OFP is 
divided by total NMOG in emissions to get OFP per gram of NMOG. Dividing 
this value by OFP per gram of NMOG of the baseline vehicle gives RAF. 
 
RAF is multiplied with NMOG emissions of alternative-fueled vehicles 
to determine its compliance with the conventional gasoline or diesel fueled 
vehicles [16]. 
   
2.3 Weekend Ozone Effect 
Although a lot of research has been done on smog formation, the 
details of the mechanism are yet to be understood fully. HDD vehicles, owing 
to their significantly large contributions of NOx emissions in atmosphere are 
considered to be one of the prime sources of smog formation in southern 
California. The traffic volumes of HDD vehicles are significantly lower during 
the weekends. One of the California weekend effect studies showed that the 
truck and bus freeway activity was decreased by up to 80% on weekends, 
resulting in the following changes in emissions on Saturdays and Sundays 
relative to weekdays:  
 15
35-41% reduction in NOx emissions  
12-18% reduction in VOC emissions  
As such, weekends have the lowest concentration of NOx and VOC. It 
could be anticipated that lower concentration of NOx and VOC during the 
weekends would result in lower concentration of ground level ozone. 
Interestingly, it is at this time that maximum concentration of ground level 
ozone is recorded by a large number of monitoring stations in southern 
California. This phenomenon is known as the weekend ozone effect. Ozone 
formation is affected not only by independent levels of NOx, but also by levels 




Monitoring stations: A - Azusa; L - Los Angeles, N. Main; P - Pico Rivera; U – Upland 
Figure 2.1 Ozone Levels As a Function of NOx and VOC [4] 
 
 
The figure with iso-ozone lines shows how the concentration of ozone 
changes due to the combined effect of NOx and VOC. In the “HC-sensitive 
region”, that is, the area above the thick-inclined line, ozone levels can be 
decreased by reducing VOC concentration. Reducing NOx alone in this area 
will cause an increase in ozone. On the other hand, in the “NOx-sensitive 
region” ozone levels can be decreased by reducing NOx concentrations. 
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During the weekends, NOx levels decrease more than the VOC levels. 
The same California weekend effect studies showed a 30% increase in 
VOC/NOx ratio during the weekends. Since most monitoring stations in 
southern California are situated in HC sensitive areas, this increase in ratio 
caused an increase in ozone level in the atmosphere, as indicated by the 
circular markers causing the weekend ozone effect. However, it should be 
noted that this effect can not be generalized for all the regions of the country. 
The VOC/NOx ratio does not solely depend on the emissions from vehicles, 
but is controlled by other factors as well: emissions from industries and 
biogenic emissions. In fact, biogenic VOC emissions are thought to exceed 
anthropogenic VOC emissions on a national basis by up to a factor of two 
[17]. This is corroborated by the fact that Atlanta had lower ozone 
concentration during the weekends [18]. 
 
2.4 Aftertreatment Devices 
HDD engines exhaust contains TPM (composed of elemental carbon, 
ash, organic fraction and sulfate particulates), NOx, hydrocarbons and its 
derivatives and polycyclic aromatic hydrocarbons (PAHs). Once released into 
the atmosphere, these pollutants are detrimental to human health and the 
flora and fauna. Various regulatory bodies around the world are creating 
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legislation to control exhaust emissions from HDD vehicles.  One of the many 
ways to control exhaust emissions is by the use of exhaust aftertreatment 
devices. The different types of aftertreatment devices used in HDD engines 
include Diesel Oxidation Catalysts (DOCs), NOx Adsorber Catalysts, Urea-
SCR Catalysts, Diesel Particulate Filters (DPFs), Lean NOx Catalysts and 
Plasma-Assisted Catalysts [19]. The choice of using the appropriate 
aftertreatment device depends on the particular application. The two most 
popular and commonly used systems among these are the DPF and DOC. 
DPF is generally used when a high reduction in PM is desired, whereas the 
DOC is preferred when it is more important to reduce the soluble organic 
fractions (SOF) and hydrocarbons (HC). 
 
2.4.1 Diesel Particulate Filter 
Diesel Particulate Filters (DPFs) are of two types, regenerating and 
disposable. Disposable filters are used only for very specialized applications. 
On the other hand, regenerating DPFs are becoming increasing popular 
either as an Original Equipment Manufacturer (OEM) fitting on the vehicle or 
as a retrofitted aftertreatment device. Regeneration (or more correctly thermal 
regeneration) of DPFs involves the oxidation of solid particulates to gaseous 
products, which can follow one of the following reactions: 
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C + O2 ? CO2 
C + ½O2 ? CO 
 
where, C (carbon) represents the combustible portion of diesel PM.  The 
exhaust temperature (about 300 oC to 400 oC) is not high enough to maintain 
sufficient oxidation. Only at a temperature of about 600 oC can the carbon be 
completely oxidized [20]. A DPF can trigger the regeneration by use of an 
outside energy source to raise the temperature and such a DPF falls under 
the category of active systems and is generally provided as an OEM fitting. 
The other approach is to lower the oxidation temperature to the exhaust 
temperature [21]. This is done by introducing an oxidation catalyst in the DPF 
and such a system is called passive or Catalyzed DPF (CDPF). Studies have 
shown that a DPF is capable of reducing the PM in exhaust by up to 99.9% 
[22]. In addition to PM, DPFs also influence the amount of hydrocarbons in 
the emissions. In general, platinum based catalysts, especially those with 
high platinum loadings, are very active in the oxidation of hydrocarbons and 
carbon monoxide [23]. Studies have shown that DPFs can reduce VOC, 
carbonyls, PAH and NPAH by 50%-90% or even more [22]. For DPFs to 
function efficiently, the sulfur level in the fuel must be below 50 ppm, 
preferably less than 30 ppm for reliable operation. It is well estabilished that 
catalysts are affected by presence of sulfur in fuel which causes its poisoning. 
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The poisoning is a reversible process and a DPF that has lost its efficiency to 
regenerate due to exposure to emissions from engine running on high sulfur 
fuel regains its efficiency if used for sufficient time with an engine running on 
low sulfur fuel. It should be noted that sulfur poisoning occurs only at typical 
exhaust temperatures of 300 oC to 400 oC, once the temperature rises above 
350 oC-400 °C, the effect of sulfur poisoning becomes negligible [2]. 
 
Two types of DPFs namely DPX™ by Engelhard and CRT™ by 
Johnson Matthey were retrofitted on the vehicles during the study conducted 
in Spring 2001. DPX™ is engineered to be a fully passive DPF. CRT™ is also 
a fully passive DPF but the oxidation process is different. It has been shown 
that NO2 is more effective in oxidizing carbon than oxygen and oxidation can 
occur at low temperatures (about 300 oC to 350 oC) without the aid of any 
catalyst [24]. For this reason CRT™ first generates NO2 by catalytic oxidation 
of NO according to the following reaction: 
 
NO + ½O2 ↔ NO2 
 
 and then uses the generated NO2 to oxidize the carbon. 
 
NO2 + C ? NO + CO 
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NO2 + C ? ½ N2 + CO2 
 
2.4.2 Diesel Oxidation Catalyst 
DOC is an effective device to control CO and HC emissions from HDD 
engines, including the PAH and HC derivatives such as aldehydes. When 
exhaust is passed over DOC, it reduces emissions through chemical 
oxidation of these exhaust gas components because oxygen is present in 
sufficient quantity in exhaust gas. DOC has active catalytic sites which have 
the ability to adsorb oxygen. The catalytic reaction has three stages [25]:  
 
1. Oxygen is bonded to a catalytic site, 
2. Reactants, such as CO and HC diffuse to the surface and react with 
the bonded oxygen, 
3. Reaction products, such as CO2 and water vapor, desorb from the 
catalytic site and diffuse to the bulk of the exhaust gas. 
 
The following reactions govern the oxidatons of HC and CO 
 
[Hydrocarbons] + O2 = CO2 + H2O 
[Hydrocarbons] + O2 = CO + H2O 
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CO + ½O2 = CO2 
 
However, oxidation catalysts promote some reactions such as 
oxidation of NO to NO2 reaction which may be considered undesirable in 
some applications such as underground mining [26]. 
 
NO + ½O2 = NO2 
 
Another undersirable reaction is oxidation of sulfur dioxide to sulfur 
trioxide which finally forms sulphuric acid. 
 
2SO2 + O2 = 2SO3 
SO3 + H2O = H2SO4 
 
Once discharged from the tailpipe, the sulfuric acid combines with 
water molecules and nucleates forming particles composed of hydrated 
sulfuric acid which adds to TPM causing a negative efficiency when high 




2.5 Ultra Low Sulfur Diesel Fuels 
Diesel fuel is a mixture of thousands of hydrocarbon compounds, most 
of which have carbon numbers between 10 and 22. Most of the compounds in 
diesel fuel are hydrocarbons. In addition it also contains small amount of 
chemically bound sulfur. The amount of sulfur content depends on the crude 
oil quality and the components used in blending the fuel.  High content of 
sulfur in diesel fuel is undesirable because it has many negative effects such 
as increase in the amount of sulfur dioxide and sometimes TPM in exhaust 
emissions and poisioning (reversible or irreversible) of aftertreatment devices 
[27]. 
 
To reduce or totally elimnate these negative effects, its desirable to 
reduce the content of sulfur in diesel. Until 1990’s, good quality fuel used to 
have about 0.5% (that is 5000 ppm) of sulfur content [28]. In the 1990’s, 
environmental regulations limited the maximum sulfur level to about 500 ppm; 
this type of diesel fuel was typically referred to as “low sulfur diesel”. Till this 
point of time, limiting the maximum content of sulfur in diesel fuel was mainly 
driven by impact of sulfur or PM emissions on atmosphere. Since sulfur level 
of 500 ppm is high enough to poison aftertreatment devices, a further 
reduction in sulfur content level was desired to enable fitting of aftertreatment 
device on vehicles. Consequently, new ULSD fuels were introduced with 
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sulfur content of 10 to 50 ppm. These fuels are now avalilable in California 
and EPA mandates its use from 2006. 
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3 EXPERIMENTAL EQUIPMENT AND PROCEDURES 
 
3.1 Introduction 
This research analyzes data obtained from the study performed in the 
Spring 2001 to chemically characterize emissions from trucks and buses 
operating on conventional (CARB certification) and ultra-low sulfur diesel. The 
testing was done on four diesel vehicles and two compressed natural gas 
vehicles retrofitted with and without passive catalyzed particlulate filters. The 
vehicles were tested on Transportable Chassis Dynamometer and a sampling 
system was used to get data of organic compounds, inorganic compounds, 
individual elements, and particulate matter. This chapter explains the 
experimental equipments and procedures that were used in the study. 
 
3.2 Test Vehicles 
The test fleet was comprised of six vehicles: one diesel school bus, 
two similar grocery trucks, one diesel transit bus and two similar compressed 
natural gas (CNG) transit buses. The CNG transit buses were selected to be 
as identical as possible to the diesel transit bus. Table 3.1 gives details of 
vehicles and their engines. 
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Table 3.1 Vehicle Description and Engine Details [30] 
 
Vehicle Chassis Model Year & Type 
Engine 














1999 Sterling A 









1999 Sterling A 









1998 New Flyer 








2000 New Flyer 








2001 New Flyer 




8.5L 4 275hp 5-speed A 
 
The diesel vehicles were tested with the original exhaust system and 
subsequently fitted with DPFs provided by Engelhard (DPX™) and Johnson 
Matthey (CRT™). The CNG transit buses were tested only with standard 
muffler. Two types of test cycles depicting real world vehicle use were used. 
The school bus and grocery trucks were tested using City Suburban Heavy 
Vehicle Route (CSHVR) and the transit buses were tested using Central 
Business District (CBD) cycle. Vehicles with aftertreatment devices were 
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tested on back-to-back cycles with single sets of media filter to ensure an 
adequate amount of particulate matter was collected during testing. Table 3.2 
gives the details of test configurations for each of the vehicle tested. 
 
Table 3.2 Vehicle Test Matrix [29] 
 
Vehicle Driving Schedule Fuel DPF 
CSHVR(2) ECD DPX 
CSHVR(2) ECD-1 DPX 
CSHVR(2) ECD-1 None 
CSHVR(2) ECD None 
School Bus 
CSHVR(2) CARB None 
CSHVR(2) ECD-1 CRT 
CSHVR(2) ECD CRT 
CSHVR(2) ECD-1 None 
CSHVR(2) CARB None 
Grocery Truck 
CSHVR(2) ECD-1 DPX 
CBD(2) ECD CRT 
CBD(2) ECD-1 CRT 
CBD(2) ECD-1 None 
Diesel Transit Bus 
CBD(2) CARB None 
CNG Transit Bus 1 CBD(2) CNG None 




3.3 Test Diesel Particulate Filters 
DPFs decrease emissions of several hydrocarbons namely VOCs, 
carbonyls, PAHs and NPAHs. Two types of DPFs were retrofitted on the 
vehicles during the testing. DPX™ by Engelhard was used for testing of the 
school bus and the grocery truck. DPX™, like any other DPF, regenerates by 
oxidizing PM in the presence of oxygen. CRT™ by Johnson Matthey was 
retrofitted on the grocery truck and the diesel transit bus. CRT™ first oxidizes 
NOx to NO2 which in turn oxidizes the PM thus reducing it in the exhaust. 
 
3.4 Test Fuels 
Diesel vehicles were tested using a representative California diesel 
fuel and two ultra low sulfur diesel fuels: ECD and ECD1. These ULSD fuels 
were produced by ARCO, now a BP company, from typical crude oil using a 
conventional refining process. These fuels enabled the retrofit and operation 
of aftertreatment devices. The original ECD formulation had 4.1 ppm sulfur, 
8.9% aromatics by volume, and a cetane number of 65.3. The production of 
this fuel required severe hydrotreating and removal of coker and FCC oils 
from the hydrocracker feeds. This type of operation resulted in a significant 
loss in production volume and refinery product imbalance leading to a higher 
cost diesel product. Most of this cost was associated with lowering the 
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aromatic levels and increasing the cetane number to meet the very 
challenging ECD specification. The high cetane and low aromatic levels have 
a negligible effect on DPF regeneration and conversion efficiency [1]. 
Subsequently, a second generation ULSD fuel named ECD1 was formulated, 
recognizing that the sulfur content is the primary fuel property that must be 
controlled to enable the use of a catalyzed DPF. Like ECD, ECD1 had a 
maximum sulfur content of 15 ppm but had aromatic and cetane levels that 
are more typical of today’s California diesel fuels. ECD1 is produced with 
hydrotreating typical feed-stocks bringing the refinery back into product 
balance and significantly lowering the cost of production. The incremental 
cost of producing the original ECD was estimated at 15 cents per gallon more 
than typical CARB diesel production costs. This higher incremental production 
cost had implications on the commercial viability of the original ECD. ECD1’s 
incremental cost of production is approximately one third that of ECD and has 
been commercially available since December 1999 with steadily increasing 
sales volume [1]. 
 
Additionally, the school bus was tested on Fisher Tropsch (FT) diesel, 
but due to unavailability of complete data, those tests are not analyzed in this 
research. CNG transit buses were tested using commercial grade CNG 
composed of at least 88% methane in a blend with other higher 
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hydrocarbons, meeting or exceeding California specifications [30]. Table 3.3 
lists the properties of diesel fuels. 
 
Table 3.3 Diesel Fuel Properties [30] 
 
Property ASTM Test Method CARB ECD ECD-1 
Sulfur, ppm D-5453 114.5 4.1 12.7 
Cetane Number D-613 51.4 65.3 51.9 
SFC Aromatics     
Total, mass % D-5186 16.1 7.7 17.5 
PNA, mass % D-5186 3.78 1.68 4.07 
FIA Aromatics     
Aromatics, vol. % D-1319 20.0 8.9 18.1 
Olefins, vol. % D-1319 1.7 1.7 1.6 
Saturates, vol. % D-1319 78.3 89.4 80.3 
Heat of Combustion D-240    
Net, BTU/lb  19,626 19,964 19,720 
Gross, BTU/lb  18,383 18,649 18,468 
Elemental Analysis     
Carbon, mass % D-5291 85.85 86.01 85.82 
Hydrogen, mass % D-5291 13.63 14.42 13.72 
Oxygen, mass % a 0.52 <0.01 0.46 
API Gravity D-287 36.0 42.5 39.2 
Density, g/ml @ 15°C D-4052 0.8437 0.8120 0.8286 
Distillation, °C D-86    
Initial Boiling Point  184.1 208.1 178.1 
10%  208.7 226.6 199.7 
50%  269.5 273.6 249.1 
90%  328.4 323.4 321.1 
Final Boiling Point  351.4 345.3 351.1 
a
 by difference 
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Table 3.4 lists the properties of CNG fuels used in testing [30]. 
Table 3.4 CNG Fuel Properties [30] 
 
CNG1 CNG2 Compound 
Anal. 1 Anal. 2 Anal. 1 Anal. 2 
Hydrogen Sulfide, ppm 0.07 0.07 0.01 0.10 
Carbonyl Sulfide, ppm 0.06 0.07 0.06 0.05 
Methyl Mercaptan, ppm 0.06 0.07 0.05 0.06 
Ethyl Mercaptan, ppm 0.08 0.08 0.06 0.08 
Dimethyl Sulfide, ppm 0.02 <0.01 0.02 0.03 
Isopropyl Mercaptan, ppm 0.11 0.11 0.40 0.14 
n-Propyl Mercaptan, ppm 0.01 0.02 <0.01 0.01 
Unknown Sulfur,ppm 0.49 0.50 0.51 0.58 
Total Sulfur as H2S, ppm 0.90 0.92 0.81 1.05 
CO, ppm a <5 <5 <5 6 
CO2, ppm 13,600 13,700 13,800 13,800 
Ethane, ppm 46,750 46,900 41,550 41,200 
NM/NEOC, ppmC 58,700 58,200 57,700 56,200 
C2, non-ethane b <5 <5 <5 <5 
C3, ppm 14,600 14,500 13,900 13,500 
C4, ppm 2,640 2,610 2,570 2,500 
C5, ppm 504 489 616 605 
C6, ppm 138 134 197 197 
C7, ppm 102 95 141 141 
C8, ppm 42 37 50 51 
C9-C12, ppm 8 8 10 11 
Benzene, ppm 7.5 6.7 11 9.6 
Toluene, ppm 5.1 4.3 7.3 7.3 
Ethylbenzene, ppm 0.6 0.5 0.7 0.7 
M+p-Xylene, ppm 1.3 1.1 1.6 1.7 
o-Xylene, ppm 0.3 0.3 0.4 0.4 
O2, percent c 0.4 0.4 0.2 0.3 
N2, percent 1.9 1.9 2.0 1.4 
CH4, percent 90.2 89.6 92.4 90.9 
a CO, CO2,C2H6, and NM/NEOC by SCAQMD Method 25.1 (TCA FID).   
b Hydrocarbon speciation and benzene, toluene, and ethybenzenes by cryogenic GC with FID.  
c Percent CH4, N2, and O2 by SCAQMD Method 10.1 (GC/TCD). 
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3.5 Sampling System 
Figure 3.1 below shows the schematic of the sampling system used to 

































Figure 3.1 Schematic of the Sampling System 
 
The port numbers 1 to 5 were used to measure regulated emissions. 
All measurements were done in accordance with procedures outlined in 
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40CFR, Part 86, Subpart N[11], where applicable. Ports 6 to 16 were added 
to collect exhaust samples for chemical characterization. Table 3.5 provides a 
summary of information on the compound class, the collection media and 
devices used, the flow rate and the analytical methods employed, for 
characterization of the sampled emissions. Detailed description of sampling 
train and procedures is available elsewhere [1, 29, 30]. 
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Table 3.5 Sampling Media and Analysis Methods [29] 
 
 
Compound Class Media/Collection Device Flow (lpm) Method 
Total particulate matter 
(TPM) -total mass 
A 70 mm Teflon coated glass -fiber 
filter (T60A20) 120 Gravimetric Analysis 
Polycyclic Aromatic 
Hydrocarbons (PAH) –
particulates and semi – 
volatiles 
A 70 mm teflon -impregnated, glass 
-fiber filter (TX40HI20WW) backed 




followed by further 




Tedlar bags for whole 
samples(arranged to run either in 
parallel or in sequence) 
- GC/MS equipped with pre concentrator 
Carbonyl Compounds 
Two Sep - Pak cartridges 
impregnated with an acidified 2,4 - 
DNPH (second cartridge provides 





(HPLC) for separation 
and quantitation 
PM2.5 cyclone and filter - 
total mass followed by 
metals and elements 
analysis 
Size selective cyclone and a 47 mm 
teflon filter 16.7 
Gravimetric Analysis 




(EC/OC) and Inorganic 
Ions 
A 47mm pre -fired quartz filter 16.7 
Thermal/Optical 
reflectance (TOR), with 
organic (OC) and 




for inorganic ions. 
PM10 - total mass and 
Soluble Organic Fraction 
(SOF) 
Size selective cyclone and a 47 mm 
teflon filter 28.3 
Gravimetric Analysis 
followed by extraction, 





A 70 mm teflon -impregnated glass 
-fiber filter (TX40HI20WW) backed 
up by a PUF/XAD adsorbing 




followed by High 
Resolution GC/MS 
 
Since this research focuses on the OFP of the NMHC and carbonyls 
speciated during the study, the collection and analysis methods of only these 
compounds are detailed below. 
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NON-METHANE HYDROCARBONS – NMHC samples were collected for 
each of the dynamometer tests. Additionally, ambient and “tunnel 
background” samples were collected. The tunnel background samples were 
collected at the start of and the end of each test day and averaged for 
reporting purposes. All NMHC analysis was performed within 2 hours of 
sample collection. A portable system consisting of a Gas 
Chromatograph/Mass Spectrometer and a Flame Ionization Detector 
(GC/MS/FID) equipped with a cryogenic pre-concentrator was used in the 
field for these measurements, using a modified EPA method TO-15 
technique. This on-site GC/MS/FID system was viewed as essential to allow 
for analysis of the collected Tedlar bags within a very short time window and 
prevent – or at least minimize – degradation of the samples. Although 
samples were analyzed within 2 hours of collection, the possibility existed that 
significant losses of 1,3-butadiene occurred after sampling. It should be noted 
that for this study, gaseous samples were collected in Tedlar bags that were 
pre-cleaned differently from the way CARB pre-cleans their Tedlar bags. The 
main difference is that CARB uses a heat treatment to remove contaminants 
during the pre-cleaning process. However, it is unknown if this affected the 
stability of the 1,3- butadiene samples. 
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CARBONYL COMPOUNDS – A series of two Sep-Pak cartridges were used 
for the collection of Carbonyl compounds from the sampled exhaust. Each of 
the cartridges contains acidified 2,4-dinitro-phenylhydrazine (DNPH) reagent, 
and was analyzed individually to allow for determination of breakthrough. 
After sampling, the cartridges were eluted with acetonitrile. An aliquot was 
transferred into a 2-ml septum vial and injected with an auto sampler into a 
high performance liquid chromatograph (HPLC) for separation and 
quantization. 
 
3.6 Data Collection Overview 
Since low sample concentration/mass was anticipated during the 
study, an extensive amount of background data were collected and analyzed 
to differentiate ambient and or tunnel contribution from engine-out 
contribution.  First, post HEPA filter ambient background for VOC was 
collected at the beginning of the test day.  Pre-run background of the dilution 
tunnel was obtained using the test schedule for that test sequence. The pre-
test procedure consisted of operating the primary dilution tunnel with the 
vehicle’s engine off and sampling the ambient air in the tunnel for a duration 
equivalent to the time for that day’s test run.  For example, if a double-length 
CSHVR was used as the test schedule for that day, then a double-length 
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CSHVR was used for the background.  During the vehicle emissions testing, 
at least three runs were performed for each test sequence, to ensure 
repeatable results, collecting the constituents for each sampling train. At the 
end of the test day, a post-background was collected in the same manner as 
the pre-background. 
 
3.7 Data Reduction 
In this research, the data are presented as “Ambient Background”, 
“Tunnel Background,” and as “Test Uncorrected” for discussion purposes.  
The basic form of the equation for the integrated VOC mass is  
 
( ) [ ]bagsfmixmass VOCVVVOC ×+=  
 
As is evident from the above equation, the effect of the ambient 
background or tunnel background was not considered. The resulting distance-
specific mass emissions (mg/mi) were obtained by simply dividing the 
integrated mass by the total distance traveled for that test: 
 
Distance
VOCVOC mass=  
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For a given test run, the background equivalent is given as 
 
( ) [ ]bckgndbagtestsftestmixbckgndmass VOCVVVOC ,,,, ×+=  
 
where Vmix,test and Vsf,test are the flows during the test and VOCbag,bckgnd is the 
averaged VOC data during the background tests.   
 
The reporting of the “Test, Uncorrected” data follows directly from first 
equation, using the volume and bag data for each test run.  The distance-
specific mass data from the repeat runs for each test sequence were then 
averaged. 
 
Vmix  Total diluted exhaust volume corrected to standard conditions 
Vsf Total volume of diluted exhaust removed from the primary 
dilution tunnel corrected to standard conditions 
VOCbag Density of VOC compound per test phase 
VOCmass Mass of VOC compound emitted per test phase 
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4 RESULTS AND DISCUSSIONS 
 
The objective of this research was to determine the effect of different 
fuels and aftertreatment devices on the ozone forming potential of heavy-duty 
diesel engines.  To achieve this objective, data was obtained from the study 
performed in the spring of 2001 to chemically characterize emissions from 
trucks and buses fueled by various test fuels and operated with and without 
diesel particle filters. During the study a sampling strategy was developed to 
characterize the reactive components of heavy-duty diesel exhaust. Methods 
were developed to collect, analyze and quantify volatiles, semi-volatiles, 
particulate matter, carbonyls, PAH and NPAH. 
 
Four diesel vehicles with and without passive catalyzed particle filters 
were tested in addition to two CNG buses, which were not equipped with 
DPFs. Representative California diesel fuel, two ultra low sulfur diesel fuels: 
ECD and ECD1 and two CNG fuels were used for testing.  
 
To perform a comparison of the distance specific OFP for each 
combination, the MIR for each compound was multiplied by the emission rate 
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of that compound. The summation of these products gave the distance 
specific OFP for a particular fuel exhaust aftertreatment device combination. 
 
( )∑ ×= i Compoundoz MIRmg/mimg i  
 
Where, mgoz is mass (in milligrams) of ozone, and mgcompound is the 
mass of VOC or carbonyl (in miligrams). 
 
In addition to distance specific OFP, mass specific OFP (mg of 
ozone/mg of VOC) was also calculated for VOCs to investigate the effect of 
various aftertreatment devices and fuels on the profile of diesel exhaust 







VOCoz =  
 
Where, mgoz is mass (in milligrams) of ozone, and mgVOC is the mass 
of volatile hydrocarbons (in miligrams). 
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During the study, the amount of PAH and NPAH collected was 
insignificant compared to VOC and carbonyls. For instance, in the case of the 
school bus running on ECD with the DPX fitted, most of the VOC and 
carbonyls were on the order of 10-1 mg/mile or more, but the PAH and NPAH 
were on the order of 10-3 mg/mile or less. Further, MIR is relevant only if the 
compound is volatile enough to react in the gas phase, which is not the case 
with PAH and NPAH. In addition, the MIR values of many PAH and NPAH 
were not available. For these reasons, the reactivity of PAH and NPAH were 
not taken into account in this research while calculating distance specific 
reactivity of diesel exhaust emissions. 
 
In the following discussions, tables and graphs, the distance specific 
emissions and distance specific OFP are mentioned simply as emissions and 
OFP and are reported in mg/mile and mgoz/mile respectively. The term “total 
emissions” imply sum of VOC emissions and carbonyl emissions. Similarly, 
the term “total OFP” imply sum of VOC OFP and carbonyl OFP. In all VOC 
emissions and VOC OFP graphs, for each individual test, the left bar 
represents the ambient background, the middle bar represents the tunnel 
background and the right bar represents the uncorrected VOC collected. 
Further, the use of phrases such as “in case of CARB”, “with ECD”, “of 
ECD1”, imply use of respective fuel. Similarly, the use of phrases such as 
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“with DPX” and “in case of CRT”, imply that the vehicle was retrofitted with the 
respective aftertreatment device.  
 
It should be noted that since limited numbers and types of vehicles 
were tested during the study, any inferences about average emission factors 
representing the performance of a particular fuel or aftertreatment device 
would be inappropriate. Having said that, this research gives some idea about 
the effect of fuel and aftertreatment device on ozone forming potential. 
 
The results show that there is no direct or simple relation between the 
composition (speciation) of fuels and content of speciated compounds in the 
exhaust emissions. Exhaust emissions strongly depend on the combustion 
chemistry, and how the organic compounds oxidize in an aftertreatment 
device. The author has presented arguments and discussions on the 
composition of exhaust emissions with respect to fuel and aftertreatment 
device, as and when possible. Any detailed discussion and investigation of 
the chemistry that governs the composition of exhaust emissions is out of 
scope of this research. 
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To analyze volatile organic compounds, these were divided into 
alkanes, alkenes, alkynes, aromatics, branched alkanes, cyclos and ethers. 
Table 4.1 lists the compounds according to their compound class. 
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Table 4.1 List of Compounds in Each Chemical Compound Class 
 
n-Alkane Alkene Alkyne Aromatics Branched Alkane Cyclo- alkanes and alkenes Ether 
Ethane Ethene Acetylene Benzene iso-Butane Cyclopentane Methyl-t-butylether 
Propane Propene Propyne Toluene iso-Pentane Cyclopentene  
n-Butane 1,2-Butadiene  Ethylbenzene 2,2-Dimethylbutane Cyclopentene2  
n-Pentane 1,3-Butadiene  m/p-Xylene 2,3-Dimethylbutane Cyclohexane  
n-Hexane 
1-Butene + iso-
Butene  o-Xylene 2-Methylpentane Cyclohexene  
n-Heptane trans-2-Butene  Styrene 3-Methylpentane Methylcyclopentane  
n-Octane 1-Pentene  1,2,3-Trimethylbenzene 2,3-Dimethylpentane 1,3-Dimethylcyclopentane (cis)  
n-Nonane 2-methyl-1-Butene  
1,2,4-TMB+t-
Butylbenzene 2,4-Dimethylpentane Methylcyclohexane  
n-Decane 2-methyl-2-Butene  1,3,5-Trimethylbenzene 2-Methylhexane Indan  
n-Undecane cis-2-Butene  2-Ethyltoluene 3-Methylhexane iso-Propylcyclohexane  
n-Dodecane cis-2-Pentene  3-Ethyltoluene 2,2,4-Trimethylpentane 1-Methylindan (C11 Paraffin)  
 Isoprene  4-Ethyltoluene 2,3,4-Trimethylpentane 2-Methylindan (C11 Paraffin)  
 trans-2-Pentene  iso-Propylbenzene 2-Methylheptane Limonene (Cyclohexene)  
 
1,3-Hexadiene 
(trans)  Propylbenzene 3-Methylheptane   
 2-methyl-1-Pentene  
1,2,3,5-
Tetramethylbenzene 4-Methylheptane   
 2-methyl-2-pentene  
1,2,4,5-
Tetramethylbenzene 2,2,5-Trimethylhexane   
 3-methyl-2-Pentene  1,3-Diethylbenzene 2,3-Dimethylhexane   
 cis-2-Hexene  1,4-Diethylbenzene 3-Methyloctane   
 
cis-3-methyl-2-
Pentene  Butylbenzene    
 trans-2-Hexene  Diethylbenzene    
 1-Heptene  Diethylbenzene2    
 
2,3-dimethyl-2-
Pentene  Isopropyltoluene    
 α-Pinene  Propyltoluene    
 β-Pinene      
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4.1 School Bus 
The school bus had an 8.7 liter, 6 cylinder, 275 hp engine with a 5-
speed automatic transmission. It was fueled by ECD, ECD1 and CARB and 
tested with and without a DPX. The school bus was tested using City 
Suburban Heavy Vehicle Route (CSHVR). Table 4.2 to Table 4.7 and Figure 
4.1 to Figure 4.6 provides the emissions, OFP and mass specific VOC OFP 
results of the school bus.  
 
4.1.1 Effect of Aftertreatment Device 
Compared to ECD1+none, ECD1+DPX had 78% less VOC emissions, 
87% less VOC OFP, 42% less mass specific VOC OFP, 88% less total 
emissions, and 94% less total OFP. Carbonyl emissions and carbonyl OFP 
were significantly reduced to less than 0.5%. The reduction in distance 
specific emissions of carbonyls was significant; published literatures show 
carbonyls reduction to only about 2%-5% by use of DPF. 
 
4.1.2 Effect of Different Fuels 
The results also indicate the effect of fuel on emissions and OFP. 
Compared to ECD1+DPX, ECD+DPX had 29% less VOC emissions and 22% 
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less VOC OFP. It is interesting to note that mass specific VOC OFP was 
greater by 10% in case of ECD+DPX against ECD1+DPX. This can be 
attributed to the fact that mass specific alkene emissions, the biggest 
contributor in VOC OFP, were far higher with ECD+DPX. Although both the 
ECD and ECD1 fuels had similar alkene content, difference in mass specific 
alkene emissions indicated non-dependence of alkene content in emissions 
to alkene content in fuel. Carbonyl emissions and carbonyl OFP were similar 
with ECD+DPX and ECD1+DPX. Total emissions and total OFP with 
ECD+DPX were 30% and 22% less than ECD1+DPX. 
 
Without the aftertreatment device, though VOC emissions with CARB 
and ECD1 were the same, VOC OFP with ECD1 was 24% lower as 
compared to CARB. This is again due to lower alkene emissions in the case 
of ECD1. Carbonyl emissions and carbonyl OFP with CARB were 20% lower 
than ECD1. Total emissions were 12% higher in case of ECD1 as compared 
to CARB but the total OFP were the same with CARB and ECD1. 
 
Without any aftertreatment device, compared to CARB, VOC 
emissions with ECD were 22% lower and VOC OFP was 18% lower. 
Carbonyl emissions and carbonyl OFP with CARB were 8% lower than ECD. 
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ECD produced 8% less total emissions and 3% less total OFP than CARB, 
but the mass specific VOC OFP was the same in both the cases. 
4.1.3 Combined Effect of Aftertreatment Device and Emission 
Control Diesels 
Emission control diesels along with aftertreatment device heavily 
reduced emissions and OFP. Compared to baseline, that is, CARB+none, 
ECD+DPX and ECD1+DPX had similar effect by reducing VOC emissions to 
less than 23%, VOC OFP by up to 93% and carbonyl emissions and carbonyl 
OFP to less than 0.5%. Total emissions and total OFP were reduced by up to 
92% and 95% respectively, and the mass specific VOC OFP was reduced by 




Table 4.2 School Bus VOC Emissions (mg/mi) for CSHVR 
 
ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE Compound 
Type Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 3.34 4.47 3.75 1.71 4.39 4.99 1.53 6.83 19.35 1.82 11.18 6.11 1.83 11.26 8.93 
Alkenes 6.86 3.09 3.29 0.41 4.03 3.61 0.43 17.00 25.21 0.43 17.14 33.78 0.44 17.27 40.85
Alkynes 0.21 0.25 0.17 0.18 0.28 0.19 0.12 0.50 4.13 0.22 0.84 3.75 0.23 0.85 4.71 
Aromatic 1.05 2.93 1.88 0.45 2.75 2.87 0.35 6.58 12.43 0.59 5.67 8.38 0.59 5.71 10.52
Branched 
Alkanes 3.53 4.01 1.32 0.76 3.81 2.92 0.63 2.54 3.58 1.34 6.78 1.58 1.35 6.83 3.13 
Cyclo-  2.70 0.91 0.41 0.25 0.90 0.78 0.28 1.63 5.65 0.32 2.72 1.38 0.32 2.74 2.44 
Ether 0.26 0.28 0.15 0.17 0.27 0.16 0.18 0.30 0.68 0.54 1.05 0.38 0.54 1.06 0.69 
                













































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.1 School Bus VOC Emissions for CSHVR 
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Table 4.3 School Bus VOC OFP (mgoz/mi) and mass specific VOC OFP (mgoz/mgVOC) for CSHVR 
 
ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE Compound 
Type Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 3.29 3.85 2.81 1.28 3.67 4.00 1.12 5.50 15.82 1.51 11.80 4.82 1.52 11.88 7.39 
Alkenes 44.16 24.65 28.11 2.98 33.87 31.28 4.55 144.21 241.47 3.59 146.05 308.92 3.62 147.10 371.48
Alkynes 0.26 0.32 0.21 0.22 0.38 0.24 0.15 0.76 6.65 0.28 1.23 5.93 0.28 1.24 7.26 
Aromatic 3.93 11.32 7.16 1.68 10.61 11.38 1.27 25.01 45.06 2.26 20.23 26.20 2.28 20.37 32.43 
Branched 
Alkanes 5.73 6.40 2.03 1.20 6.20 4.66 1.00 4.03 5.05 2.14 11.04 2.47 2.16 11.12 4.88 
Cyclo- 10.15 2.73 1.12 0.68 2.86 1.68 0.90 4.24 10.16 0.84 6.90 4.21 0.85 6.95 6.40 
Ether 0.93 1.03 0.54 0.63 0.99 0.58 0.66 1.08 2.45 1.95 3.83 1.36 1.96 3.86 2.50 
                
Total 68.45 50.30 41.98 8.68 58.59 53.82 9.65 184.85 326.67 12.57 201.07 353.91 12.66 202.52 432.35
Mass specific 



















































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.2 School Bus VOC OFP for CSHVR 
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Table 4.4 School Bus Carbonyl Emissions (mg/mi) for CSHVR 
 
Test Type ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE 
Tunnel Background 15.22 9.10 10.71 12.59 12.68 




















Figure 4.3 School Bus Carbonyl Emissions for CSHVR 
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Table 4.5 School Bus Carbonyl OFP (mgoz/mi) for CSHVR 
 
Test Type ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE 
Tunnel Background 51.02 35.57 45.52 43.14 43.45 





















Figure 4.4 School Bus Carbonyl OFP for CSHVR 
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Table 4.6 School Bus Total Emissions (mg/mi) for CSHVR 
 
Test Type ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE
VOC Uncorrected 10.98 15.53 71.02 55.36 71.26 
Carbonyl Uncorrected 0.34 0.38 83.67 73.36 66.91 




















Figure 4.5 School Bus Total Emissions for CSHVR 
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Table 4.7 School Bus Total OFP (mgoz/mi) for CSHVR 
 
Test Type ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE
VOC Uncorrected 41.98 53.82 326.67 353.91 432.35 
Carbonyl Uncorrected 1.96 1.95 594.38 537.66 491.44 
























Figure 4.6 School Bus Total OFP for CSHVR
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4.2 Grocery Truck 
The grocery truck had a 12.7 liter, 6 cylinder, 470 hp engine with 10-
speed manual transmission. It was fueled by ECD, ECD1 and CARB and 
tested with and without DPX and CRT. The grocery truck was tested using 
City Suburban Heavy Vehicle Route (CSHVR). Table 4.8 to Table 4.13 and 
Figure 4.7 to Figure 4.12 provide the emissions, OFP and mass specific VOC 
OFP results of the grocery truck. 
 
4.2.1 Effect of Aftertreatment Device 
With the grocery truck running on ECD1, installation of DPX or CRT 
had similar effects. Compared to ECD1+none, ECD1+DPX and ECD1+CRT 
had 55% less VOC emissions, 65% less VOC OFP, 25% less mass specific 
VOC OFP, 20% less total emissions, 12% less total OFP, and carbonyl 
emissions and carbonyl OFP were reduced to less than 1%.  
 
4.2.2 Effect of Different Fuels 
With the CRT fitted, ECD performed better than ECD1 by producing 
27% less VOC emissions and 13% less VOC OFP.  Carbonyl emissions and 
carbonyl OFP were 30% less in case of ECD as compared to ECD1. With 
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ECD, total emissions were reduced to 70% and total OFP to 85% of ECD1. 
Although, ECD had lower emissions and OFP as compared to ECD1, the 
mass specific VOC OFP was 20% less than ECD in case of ECD1. This was 
mainly due to lower aromatic content in the emissions from ECD1 as 
compared against ECD. The effect is further exaggerated when mass specific 
aromatic emission is taken into consideration which was 2.3 times higher in 
case of ECD than ECD1. What makes these observations all the more 
interesting is the fact that ECD fuel had far less aromatic content than ECD1 
fuel. 
 
Without an aftertreatment device, emissions and OFP were lower with 
CARB as compared to ECD1. Compared to ECD1+none, CARB+none had 
20% less VOC emissions, 10% less VOC OFP, 20% less carbonyl emissions 
and carbonyl OFP, 20% less total emissions, and 15% less  total OFP. The 




4.2.3 Combined Effect of Aftertreatment Device and Emission 
Control Diesels 
As in the case of the school bus, the grocery trucks also had much 
lower emissions and OFP when retrofitted with aftertreatment device and 
running on emission control diesels. Compared to baseline, that is, 
CARB+none, ECD1+CRT, ECD+CRT and ECD1+DPX had 47%, 62% and 
44% lower VOC emissions respectively. In all the three cases, VOC OFP was 
reduced to less than 35% of baseline, carbonyl emissions and carbonyl OFP 
were reduced to less than 1% of baseline, total emissions were reduced to 
less than 25% of baseline and total OFP to less than 15%of baseline. The 
mass specific VOC OFP was reduced to 66% of baseline in both cases when 




Table 4.8 Grocery Truck VOC Emissions (mg/mi) for CSHVR 
 
ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX 
Compund Type 
Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 4.45 8.98 12.92 1.82 6.62 6.15 4.93 8.99 17.02 4.91 8.96 10.10 3.14 6.26 11.09
Alkenes 0.75 15.23 10.45 0.42 17.81 8.85 0.87 11.15 32.23 0.86 11.11 29.83 0.51 13.32 9.54 
Alkynes 0.38 0.64 0.34 0.18 0.55 0.25 0.50 0.87 7.08 0.50 0.87 5.00 0.24 0.00 0.49 
Aromatic 1.16 6.05 3.40 0.58 3.97 5.75 1.37 5.66 12.68 1.37 5.64 12.39 1.20 4.19 7.14 
Branched 
Alkanes 2.75 4.72 3.61 1.45 4.41 2.53 3.72 5.11 6.81 3.70 5.09 3.24 3.12 5.06 4.57 
Cyclo- 0.54 5.01 2.86 0.24 3.61 0.90 0.47 4.75 2.05 0.47 4.74 2.72 1.01 4.63 2.37 
Ether 0.92 1.53 0.89 0.45 1.36 0.43 1.19 1.47 1.73 1.19 1.46 0.66 0.93 0.68 0.75 
                














































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.7 Grocery Truck VOC Emissions for CSHVR
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Table 4.9 Grocery Truck VOC OFP (mgoz/mi) and mass specific VOC OFP (mgoz/mgVOC) for CSHVR 
 
ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX Compound 
Type Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 3.69 8.00 15.10 1.50 5.69 5.21 4.13 8.98 14.57 4.12 8.95 8.54 2.97 7.76 8.48 
Alkenes 6.31 128.35 84.19 3.44 149.63 76.19 7.53 96.36 312.87 7.50 96.00 288.50 4.04 109.50 86.67 
Alkynes 0.50 0.91 0.47 0.22 0.79 0.37 0.68 1.29 10.81 0.68 1.28 8.04 0.31 0.00 0.63 
Aromatic 4.52 25.73 14.88 2.40 16.40 25.39 5.44 23.25 48.98 5.42 23.16 49.13 4.64 16.68 29.34 
Branched 
Alkanes 4.37 7.40 5.59 2.35 7.11 4.05 5.98 8.29 10.51 5.96 8.26 4.85 4.81 7.92 6.80 
Cyclo- 1.33 18.21 8.75 0.66 13.01 2.46 1.13 16.36 6.06 1.13 16.30 8.71 2.90 15.75 5.38 
Ether 3.34 5.55 3.24 1.65 4.92 1.55 4.32 5.32 6.28 4.31 5.30 2.40 3.39 2.47 2.71 
                
Total 24.06 194.16 132.23 12.22 197.56 115.21 29.22 159.85 410.08 29.11 159.26 370.18 23.07 160.08 140.00
Mass specific 

















































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.8 Grocery Truck VOC OFP for CSHVR 
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Table 4.10 Grocery Truck Carbonyl Emissions (mg/mi) for CSHVR 
 
Test Type ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX 
Tunnel Background 6.57 11.64 17.54 17.47 16.39 





















Figure 4.9 Grocery Truck Carbonyl Emissions for CSHVR 
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Table 4.11 Grocery Truck Carbonyl OFP (mgoz/mi) for CSHVR 
 
Test Type ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX 
Tunnel Background 29.96 48.30 57.50 57.29 47.28 





















Figure 4.10 Grocery Truck Carbonyl OFP for CSHVR 
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Table 4.12 Grocery Truck Total Emissions (mg/mi) for CSHVR 
 
Test Type ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX
VOC Uncorrected 34.47 24.86 79.60 63.95 35.94 
Carbonyl Uncorrected 0.73 0.22 88.45 72.55 nd 




















Figure 4.11 Grocery Truck Total Emissions for CSHVR 
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Table 4.13 Grocery Truck Total OFP (mgoz/mi) for CSHVR 
 
Test Type ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX
VOC Uncorrected 132.23 115.21 410.08 370.18 140.00 
Carbonyl Uncorrected 5.77 1.86 716.01 600.30 nd 




















Figure 4.12 Grocery Truck Total OFP for CSHVR
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4.3 Transit Bus 
One diesel transit bus and two similar CNG transit buses were tested. 
The CNG transit buses were selected to be as identical as possible to the 
diesel transit bus. Both the diesel and CNG transit buses had 8.5 liter, 4 
cylinder, 275 hp engines with 5-speed automatic transmission. The diesel 
transit bus was fueled by ECD, ECD1 and CARB and tested with and without 
CRT using original exhaust system [29]. The CNG transit buses were tested 
without particle filters or oxidation catalysts [29]. The transit buses were 
tested using Central Business District (CBD). Table 4.14 to Table 4.19 and 
Figure 4.13 to Figure 4.18 provide the emissions and OFP results for the 
transit buses. 
 
4.3.1 Effect of Aftertreatment Device 
Compared to ECD1+none, ECD1+CRT had 80% less VOC emissions 
and VOC OFP, 87% less total emissions, 89% less total OFP, and 25% less 
mass-specific VOC OFP. In case of ECD1+CRT, carbonyl emissions and 




4.3.2 Effect of Different Fuels 
 
As in the case of the grocery truck, with the CRT fitted on the diesel 
transit bus, ECD performed slightly better than ECD1. Compared to 
ECD1+CRT, ECD+CRT had 15% less VOC emissions, 12% less VOC OFP, 
40% less carbonyl emissions and carbonyl OFP, and 16% less total 
emissions and total OFP. The mass-specific VOC OFPs were identical, 
indicating similar emissions profile.  
 
Without any aftertreatment device, emissions and OFP profiles were 
similar with ECD1 and CARB. But the performance of CNG transit buses was 
of particular concern. Compared to the baseline, that is CARB+none, CNG 
buses had more that 20 times higher VOC emissions and VOC OFP, 15 times 
higher carbonyl emissions and carbonyl OFP, and 18 times higher total 
emissions and total OFP. Despite such a tremendous increase in emissions 
and OFP, the mass specific VOC OFP in the case of CNG buses was 
identical to the baseline. 
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4.3.3 Combined Effect of Aftertreatment Device and Emission 
Control Diesels 
As in case of school bus and grocery trucks, transit buses also had 
much lower emissions and OFP when retrofitted with aftertreatment device 
and running on emission control diesels. Compared to the baseline, that is, 
CARB+none, ECD1+CRT and ECD+CRT had less than 20% of baseline VOC 
emissions. In both the cases, VOC OFP was reduced to less than 16% of 
baseline, carbonyl emissions and carbonyl OFP were reduced to less than 
1% of baseline, total emissions were reduced to less than 10%  of baseline, 
and total OFP to less than 5% of  baseline. The mass-specific emissions were 
also reduced to 80% of baseline when the buses were retrofitted with 




Table 4.14 Transit Bus VOC Emissions (mg/mi) for CBD 
 
ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE Compound 
Type Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 0.83 12.70 1.82 0.91 3.62 2.20 0.90 3.60 7.10 1.03 4.03 5.27 2.87 36.57 614.52 4.23 94.54 494.10 
Alkenes 0.19 5.72 1.96 0.20 6.01 2.21 0.20 5.97 15.66 0.26 14.51 18.61 0.76 28.56 467.27 1.24 90.24 415.05 
Alkynes 0.10 0.12 0.16 0.13 0.35 0.17 0.13 0.35 2.91 0.13 0.67 6.91 0.15 1.73 26.21 0.42 3.95 22.18 
Aromatic 0.42 2.82 2.49 0.32 2.91 2.80 0.31 2.89 6.97 0.30 3.50 10.33 0.81 5.37 10.04 1.19 6.55 7.20 
Branched 
Alkanes 0.38 8.78 0.57 0.44 1.45 0.67 0.44 1.44 1.93 0.53 1.96 1.59 0.62 3.56 28.42 2.28 7.96 25.53 
Cyclo- 0.23 5.16 0.55 0.20 2.52 0.68 0.20 2.51 2.35 0.23 3.95 1.70 0.68 8.65 4.90 0.84 8.56 4.27 
Ether 0.00 0.24 0.09 0.00 0.09 0.07 0.00 0.09 0.23 0.15 0.43 0.11 0.16 0.35 0.54 0.52 0.81 0.26 
                   














































































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.13 Transit Bus VOC Emissions for CBD
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Table 4.15 Transit Bus VOC OFP (mgoz/mi) and mass specific VOC OFP (mgoz/mgVOC) for CBD 
 
ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE Compound 
Type Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
n-Alkanes 0.62 16.49 1.54 0.70 3.64 1.88 0.69 3.62 5.90 0.88 3.78 4.42 1.97 18.67 288.73 3.46 45.63 234.97
Alkenes 1.49 46.38 17.52 1.68 51.84 19.88 1.67 51.49 154.49 2.30 122.49 177.32 6.89 256.16 4458.56 9.64 838.33 3983.61
Alkynes 0.13 0.19 0.24 0.16 0.52 0.26 0.16 0.52 4.69 0.18 0.96 10.08 0.19 2.40 35.94 0.56 5.37 29.95 
Aromatic 1.75 11.95 10.20 1.26 11.85 11.51 1.25 11.77 26.28 1.23 13.56 33.32 3.91 21.35 33.81 5.40 25.68 25.53 
Branched 
Alkanes 0.58 15.03 0.85 0.68 2.32 0.99 0.67 2.30 2.69 0.81 3.05 2.23 0.95 5.44 41.62 3.53 11.97 37.64 
Cyclo- 0.71 15.41 1.21 0.58 7.23 1.34 0.58 7.18 4.07 0.72 12.30 4.00 2.09 29.26 14.26 2.53 30.91 11.89 
Ether 0.00 0.86 0.32 0.00 0.33 0.26 0.00 0.33 0.85 0.55 1.56 0.42 0.58 1.26 1.96 1.87 2.92 0.95 
                   
Total 5.29 106.31 31.89 5.06 77.73 36.11 5.02 77.20 198.98 6.67 157.69 231.78 16.58 334.54 4874.89 26.99 960.81 4324.54
Mass specific 










































































1st Bar: Ambient Bkg
2nd Bar: Tunnel Bkg
3rd Bar: Uncorrected
 
Figure 4.14 Transit Bus VOC OFP for CBD 
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Table 4.16 Transit Bus Carbonyl Emissions (mg/mi) for CBD 
 
Test Type ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE 
Tunnel Background 8.23 9.82 9.75 6.14 19.84 86.23 





























ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE
 
Figure 4.15 Transit Bus Carbonyl Emissions for CBD 
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Table 4.17 Transit Bus Carbonyl OFP (mgoz/mi) for CBD 
 
Test Type ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE 
Tunnel Background 29.44 33.22 33.00 49.03 71.77 135.28 
















































Figure 4.16 Transit Bus Carbonyl OFP for CBD 
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Table 4.18 Transit Bus Total Emissions (mg/mi) for CBD 
 
Test Type ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE
VOC Uncorrected 7.63 8.79 37.14 44.53 1151.89 968.59 
Carbonyl Uncorrected 0.22 0.40 27.58 45.61 622.63 692.78 































ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE
 
Figure 4.17 Transit Bus Total Emissions for CBD 
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Table 4.19 Transit Bus Total OFP (mgoz/mi) for CBD 
 
Test Type ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE
VOC Uncorrected 31.89 36.11 198.98 231.78 4874.89 4324.54 
Carbonyl Uncorrected 1.96 3.19 217.97 355.98 5424.08 6020.09 



























ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE
 
Figure 4.18 Transit Bus Total OFP for CBD
 78
4.4 WVU-Lubrizol DPF + DOC Study on C8.3G+ 
A study was done in 2003-2004 to determine the effect of the 
combination of aftertreatment devices on a vehicle running on CNG. For the 
study, an aftertreatment device was designed and developed by the West 
Virginia University in collaboration with Lubrizol-ECS. It was a combination of 
DPF and Diesel Oxidation Catalyst (DOC). A CNG bus powered by 280 hp 
Cummins C8.3G+ engine was tested with and without aftertreatment devices 
in three configurations: 1) Baseline, 2) OEM OC, and 3) WVU-Lubrizol 
DPF+OC system. The testing was done in 3 phases over a period of 13 
months accumulating a total of 32,000 miles. A heavy-duty transportable 
chassis dynamometer and a dilution tunnel were used to sample emissions 
from the vehicle. During phase 1, the bus was first tested for baseline without 
any aftertreatment device and then with the OEM DOC. The bus was then 
retrofitted with the DPF+DOC combination and phase 2 testing of the study 
was done. To determine how the emissions changed over time with usage, 
the bus was run for about 8 months accumulating about 32,000 miles before 
phase 3 testing was done. A complete description of the overall testing and 
the results is provided in a previous MS Thesis by Burlingame [31]. 
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The OFP of methane was not taken into account while calculating 
reactivity of emissions from the CNG engine in this research. The reader 
should be aware that in a study done to perform a reactivity comparison of 
exhaust emissions from heavy-duty engines operating on gasoline, diesel and 
alternative fuels it was found that even though methane is not taken into 
account when calculating emissions due to its extremely low MIR value 




Table 4.20 to Table 4.25 and Figure 4.19 to Figure 4.24 provide the 
emissions and OFP results for the C8.3G+ study. The results clearly show 
that all the emissions and OFPs deteriorated after the DPF+DOC combination 
was used for 8 months. Since phase 3 provide results after the combination 
was used for 8 months thus giving an emission profile closer to real world 
usage, the results of phase 2 will not be discussed here. Further the 
discussion below compares the result of the OEM DOC and the DPF+DOC 
(phase 3) with the baseline. 
 
The OEM OC reduced VOC emissions to 30% of baseline and the 
DPF+DOC to 55% of baseline. The combination was better effective in 
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reducing VOC OFP. OEM DOC reduced VOC OFP to 12% of baseline and 
the combination reduced it to 7% of baseline. The DPF+DOC reduced the 
mass specific VOC OFP to 13% of baseline whereas the OEM DOC was able 
to reduce it to only 45% of baseline.  The combination was highly effective in 
controlling carbonyl emissions and carbonyl OFP. The OEM DOC reduced 
the carbonyl emissions to 23% of baseline and the carbonyl OFP to 10% of 
baseline. The combination reduced carbonyl emissions and carbonyl OFP to 
less than 0.04% of baseline. Since the combination was able to tightly control 
the carbonyl OFP, the total OFP was also reduced to less than 0.5% of 
baseline. The OEM OC reduced the total OFP to 10% of baseline. 
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Table 4.20 C8.3G+ VOC Emissions (mg/mi) 
 
Phase I Phase II Phase III 
Compound Type 
Baseline OEM OC DPF+OC P-II DPF+OC P-III 
Alkanes 609.37 265.55 156.01 555.32 
Alkenes 367.46 37.76 8.07 5.87 
Alkynes 44.17 1.82 1.18 1.23 
Aromatic 8.87 1.92 1.61 1.60 
Branched Alkanes 13.73 9.38 5.71 9.13 
Cyclo- 6.41 2.52 1.42 2.10 
Ether 0.47 0.00 0.00 0.00 
     
























Figure 4.19 C8.3G+ VOC Emissions 
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Table 4.21C8.3G+ VOC OFP (mgoz /mi) and mass specific VOC OFP (mgoz/mgVOC) 
 
Phase I Phase II Phase III 
Compound Type 
Baseline OEM OC DPF+OC P-II DPF+OC P-III 
Alkanes 268.06 98.87 58.17 200.78 
Alkenes 3394.50 347.64 78.55 55.20 
Alkynes 83.26 10.51 2.14 2.01 
Aromatic 10.93 3.66 3.76 3.63 
Branched Alkanes 22.52 15.28 8.96 14.87 
Cyclo- 21.26 8.81 3.84 3.88 
Ether 0.36 0.00 0.00 0.00 
     
Total 3800.89 484.76 155.42 280.37 




























Figure 4.20 C8.3G+ VOC OFP 
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Table 4.22 C8.3G+ Carbonyl Emissions (mg/mi) 
 
Phase I Phase II Phase III 
Baseline OEM OC DPF+OC P-II DPF+OC P-III 

























DPF+OC P-II DPF+OC P-III
 
Figure 4.21 C8.3G+ Carbonyl Emissions 
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Table 4.23 C8.3G+ Carbonyl OFP (mgoz/mi) 
 
Phase I Phase II Phase III 
Baseline OEM OC DPF+OC P-II DPF+OC P-III 



























DPF+OC P-II DPF+OC P-III
 
Figure 4.22 C8.3G+ Carbonyl OFP 
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Table 4.24 C8.3G+ Total Emissions (mg/mi) 
 
Phase I Phase II Phase III  
 Baseline OEM OC DPF+OC P-II DPF+OC P-III 
VOC 1050.48 318.97 174.00 575.24 
Carbonyl 15658.54 3510.53 11.72 5.69 



























DPF+OC P-II DPF+OC P-III
 
Figure 4.23 C8.3G+ Total Emissions 
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Table 4.25 C8.3G+ Total OFP (mgoz/mi) 
 
Phase I Phase I Phase II Phase III 
 
Baseline OEM OC DPF+OC P-II DPF+OC P-III 
NMHC 3800.89 484.76 155.42 280.37 
Carbonyl 117927.42 12220.64 38.68 40.85 




























DPF+OC P-II DPF+OC P-III
 
Figure 4.24 C8.3G+ Total OFP 
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5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
The objective of this research was to determine the effect of various 
fuels and aftertreatment devices on the ozone forming potential of heavy-duty 
diesel engines.  To achieve this objective, data was obtained from the study 
performed in the spring of 2001 to chemically characterize emissions from 
trucks and buses fueled by various test fuels and operated with and without 
diesel particle filters. 
 
The following may be concluded for the school bus, grocery truck and 
transit bus. 
 
1. Without any DPF retrofitted on the vehicle, the ozone impact of exhaust 
emission from the vehicle running on ULSD fuels was similar to that of 
CARB certification fuel. 
2. Vehicles fueled by ULSD fuels and retrofitted with a DPF reduced the 
VOC emissions and VOC OFP by up to 80% and 90% respectively as 
compared to the baseline. 
3. The carbonyl emissions and carbonyl OFP were reduced to less than 
0.5% of baseline by use of ULSD a DPF. 
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4. Due to significant reduction in VOCs and carbonyls in the exhaust 
emissions from HDD engines by the use of ULSD fuel a DPF, the total 
emissions and total OFP were reduced to less than 10% of baseline. 
5. VOC emissions from vehicles retrofitted with a DPF and running on ULSD 
fuel had 20% to 40% less mass-specific VOC OFP as compared to the 
baseline. 
6. With identical DPF retrofitted on the vehicles, ECD performed better than 
ECD1 by creating 15% to 22% less ozone impact. 
7. A vehicle running on ECD had equal or lesser ozone impact of carbonyl 
emissions as compared to vehicle running on ECD1. 
8. Alkenes and aromatics present in diesel exhaust emissions had highest 
OFP due to their high MIR values. 
9. The total emissions and total OFP were more than 15 times higher in case 
of CNG buses as compared to buses running on CARB certification fuel. 
Despite such high emissions, the emission profiles in the case of CNG 
and CARB were similar with similar mass-specific VOC OFP. 
10. In the case of bus powered by Cummins 8.3G+ engine and running on 
CNG, the DPF+OC combination was highly effective in reducing the total 
emissions by 97% and total OFP to less then 0.3%. 
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In summary, retrofitting HDD engines with a DPF and running on an ULSD 
fuel significantly reduced VOC emissions, VOC OFP, mass-specific VOC 
OFP, carbonyl emissions, carbonyl OFP, total emissions and total OFP. 
Retrofitting the CNG engine with DPF+OC combination also reduced the 




Due to the high MIR value of alkenes and aromatics, these species have 
high ozone impact and any effort made towards controlling these species 
would yield encouraging results. Therefore it is recommended that oxidation 
of alkenes and aromatics be considered to the maximum possible extent 
while designing an aftertreatment device. Any small emphasis put on this 
aspect of designing of aftertreatment device is bound to greatly reduce the 
reactivity of diesel exhaust emissions. 
 
The author also recommends that in addition to finding ozone impact 
according to compound class, future studies should include ozone impact 
according to carbon number to investigate the effect of light and heavy 
hydrocarbons on OFP. 
 
In this research, proper comparison could not be done between different 
aftertreatment devices (DPX and CRT) because both of them were used only 
for one vehicle (grocery truck). Hence, the author suggests that future studies 
should have a test matrix designed in such a way so as to enable direct 
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MIR Values of following compounds is not known: 1,2-Butadiene, 1,3-Hexadiene (trans), 2-
Ethyltoluene, 3-Ethyltoluene, 4-Ethyltoluene, Diethylbenzene2, Isopropyltoluene, 
Propyltoluene, Cyclopentene2
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Appendix B: School Bus Data 
 
 




ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE 
Compound Name Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.35 0.44 0.33 0.44 0.36 0.30 0.29 0.25 0.20 0.39 0.66 0.20 0.39 0.67 0.32 
Propane 0.58 0.70 1.18 0.50 1.11 1.05 0.26 0.53 0.58 0.56 1.32 0.54 0.57 1.33 0.97 
n-Butane 0.23 0.30 0.22 0.17 0.26 0.16 0.11 0.14 0.15 0.21 0.36 0.11 0.21 0.36 0.32 
n-Pentane 1.01 0.33 0.19 0.19 0.35 0.19 0.13 0.19 0.24 0.28 0.72 0.18 0.29 0.73 0.36 
n-Hexane 0.07 0.57 0.17 0.05 0.47 0.46 0.03 0.40 0.24 0.08 4.59 0.35 0.08 4.63 0.58 
n-Heptane 0.12 0.06 0.05 0.03 0.07 0.07 0.03 0.07 0.15 0.04 0.13 0.06 0.04 0.13 0.15 
n-Octane 0.12 0.07 0.05 0.01 0.07 0.12 0.02 0.11 0.63 0.03 0.16 0.19 0.03 0.16 0.47 
n-Nonane 0.10 0.09 0.06 0.03 0.11 0.32 0.02 0.66 4.24 0.04 0.22 0.18 0.04 0.22 0.50 
n-Decane 0.20 0.44 0.35 0.06 0.33 0.59 0.03 1.39 5.81 0.05 0.70 0.81 0.05 0.70 1.21 
n-Undecane 0.09 0.85 0.53 0.03 0.62 0.81 0.02 2.06 5.62 0.05 1.47 2.27 0.05 1.48 2.58 
n-Dodecane 0.47 0.63 0.62 0.18 0.64 0.94 0.60 1.05 1.48 0.09 0.85 1.22 0.09 0.86 1.46 
Ethene 0.10 0.35 0.27 0.10 0.40 0.31 0.12 1.20 4.83 0.18 1.53 5.80 0.18 1.54 8.08 
Propene 0.10 0.18 0.21 0.04 0.20 0.22 0.04 0.74 9.05 0.05 0.90 7.91 0.06 0.91 8.11 
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.01 
1,3-Butadiene 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.07 0.00 0.00 0.07 0.00 
1-Butene + iso-Butene 0.09 1.82 2.59 0.04 2.49 2.66 0.06 14.00 6.93 0.05 12.84 15.93 0.05 12.93 19.77
trans-2-Butene 0.00 0.01 0.02 0.00 0.01 0.02 0.00 0.04 0.50 0.01 0.04 0.39 0.01 0.04 0.37 
1-Pentene 0.02 0.08 0.04 0.01 0.08 0.05 0.01 0.13 1.22 0.01 0.13 1.13 0.01 0.13 1.08 
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2-methyl-1-Butene 0.04 0.02 0.01 0.00 0.02 0.01 0.00 0.03 0.12 0.00 0.05 0.08 0.00 0.05 0.07 
2-methyl-2-Butene 0.01 0.03 0.01 0.00 0.04 0.03 0.00 0.04 0.02 0.00 0.11 0.04 0.00 0.11 0.04 
cis-2-Butene 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.28 0.00 0.03 0.22 0.00 0.03 0.22 
cis-2-Pentene 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.00 0.02 0.05 0.00 0.02 0.05 
Isoprene 0.50 0.02 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.03 0.00 
trans-2-Pentene 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.02 0.17 0.00 0.04 0.15 0.00 0.04 0.13 
1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 0.06 0.01 0.00 0.05 0.00 0.00 0.09 0.47 0.00 0.40 0.54 0.00 0.40 0.52 
2-methyl-2-pentene 0.14 0.01 0.02 0.00 0.01 0.07 0.02 0.05 0.07 0.00 0.19 0.14 0.00 0.19 0.49 
3-methyl-2-Pentene 0.59 0.01 0.00 0.00 0.10 0.00 0.07 0.01 0.01 0.00 0.03 0.00 0.00 0.03 0.02 
cis-2-Hexene 0.02 0.03 0.01 0.00 0.07 0.09 0.00 0.37 0.65 0.00 0.30 0.61 0.00 0.30 0.83 
cis-3-methyl-2-Pentene 0.59 0.00 0.00 0.00 0.10 0.00 0.07 0.01 0.01 0.00 0.03 0.00 0.00 0.03 0.02 
trans-2-Hexene 0.14 0.01 0.01 0.00 0.02 0.09 0.00 0.12 0.17 0.00 0.18 0.14 0.00 0.18 0.48 
1-Heptene 0.04 0.04 0.02 0.01 0.03 0.03 0.01 0.08 0.63 0.01 0.11 0.62 0.01 0.11 0.56 
2,3-dimethyl-2-Pentene 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
a-Pinene 2.24 0.20 0.02 0.08 0.25 0.00 0.00 0.00 0.00 0.09 0.13 0.00 0.09 0.13 0.00 
b-Pinene 2.24 0.20 0.02 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acetylene 0.20 0.25 0.17 0.18 0.26 0.19 0.12 0.46 3.60 0.22 0.78 3.30 0.23 0.78 4.21 
Propyne 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.05 0.53 0.00 0.07 0.45 0.00 0.07 0.50 
Benzene 0.15 0.23 0.18 0.10 0.18 0.19 0.07 0.61 2.28 0.11 0.72 2.18 0.11 0.73 2.98 
Toluene 0.46 0.68 0.48 0.15 1.13 0.91 0.10 1.30 1.59 0.24 1.27 1.52 0.24 1.28 1.87 
Ethylbenzene 0.05 0.10 0.06 0.03 0.08 0.10 0.02 0.17 0.42 0.04 0.15 0.16 0.04 0.15 0.22 
m/p-Xylene 0.07 0.22 0.12 0.04 0.16 0.20 0.04 0.38 0.88 0.06 0.29 0.29 0.06 0.29 0.38 
o-Xylene 0.02 0.06 0.04 0.01 0.04 0.05 0.01 0.13 0.31 0.01 0.08 0.09 0.01 0.08 0.11 
Styrene 0.05 0.11 0.03 0.01 0.07 0.04 0.01 0.20 0.06 0.01 0.20 0.05 0.01 0.20 0.07 
1,2,3-Trimethylbenzene 0.02 0.11 0.07 0.01 0.08 0.11 0.01 0.28 0.48 0.01 0.16 0.20 0.01 0.17 0.25 
1,2,4-TMB+t-Butylbenzene 0.01 0.08 0.04 0.01 0.04 0.06 0.01 0.17 0.30 0.01 0.10 0.13 0.01 0.10 0.15 
1,3,5-Trimethylbenzene 0.02 0.07 0.04 0.01 0.04 0.06 0.00 0.19 0.40 0.01 0.10 0.13 0.01 0.10 0.16 
2-Ethyltoluene 0.02 0.07 0.04 0.01 0.04 0.06 0.01 0.19 0.44 0.01 0.09 0.12 0.01 0.09 0.15 
3-Ethyltoluene 0.02 0.06 0.03 0.01 0.04 0.05 0.01 0.15 0.35 0.01 0.08 0.10 0.01 0.08 0.13 
 104
4-Ethyltoluene 0.02 0.06 0.03 0.01 0.04 0.05 0.01 0.14 0.34 0.01 0.08 0.12 0.01 0.08 0.12 
iso-Propylbenzene 0.02 0.01 0.05 0.00 0.01 0.02 0.00 0.06 0.22 0.00 0.02 0.02 0.00 0.02 0.04 
Propylbenzene 0.01 0.04 0.02 0.01 0.03 0.04 0.01 0.13 0.37 0.01 0.06 0.08 0.01 0.06 0.11 
1,2,3,5-Tetramethylbenzene 0.01 0.03 0.02 0.00 0.03 0.04 0.00 0.10 0.14 0.00 0.11 0.13 0.00 0.11 0.16 
1,2,4,5-Tetramethylbenzene 0.01 0.13 0.09 0.01 0.10 0.12 0.01 0.25 0.30 0.00 0.22 0.22 0.00 0.22 0.28 
1,3-Diethylbenzene 0.00 0.03 0.01 0.00 0.02 0.03 0.01 0.10 0.21 0.00 0.08 0.14 0.00 0.08 0.15 
1,4-Diethylbenzene 0.02 0.16 0.11 0.01 0.12 0.15 0.01 0.44 0.74 0.01 0.41 0.61 0.01 0.41 0.74 
Butylbenzene 0.01 0.03 0.02 0.01 0.02 0.02 0.00 0.16 0.33 0.01 0.17 0.32 0.01 0.17 0.38 
Diethylbenzene 0.02 0.14 0.09 0.01 0.10 0.12 0.01 0.19 0.23 0.01 0.21 0.23 0.01 0.21 0.28 
Diethylbenzene2 0.03 0.21 0.13 0.01 0.16 0.19 0.01 0.28 0.34 0.01 0.30 0.34 0.01 0.30 0.43 
Isopropyltoluene 0.02 0.16 0.10 0.01 0.12 0.15 0.01 0.44 0.72 0.01 0.41 0.61 0.01 0.41 0.72 
Propyltoluene 0.02 0.13 0.07 0.01 0.09 0.12 0.01 0.49 0.97 0.01 0.37 0.58 0.01 0.37 0.66 
iso-Butane 0.19 0.19 0.14 0.10 0.15 0.11 0.06 0.11 0.15 0.12 0.32 0.13 0.12 0.32 0.29 
iso-Pentane 2.63 2.46 0.44 0.24 2.72 1.90 0.23 1.45 0.98 0.45 2.07 0.18 0.46 2.09 0.43 
2,2-Dimethylbutane 0.03 0.04 0.03 0.02 0.03 0.01 0.02 0.02 0.03 0.04 0.08 0.03 0.04 0.08 0.05 
2,3-Dimethylbutane 0.03 0.06 0.03 0.02 0.05 0.03 0.02 0.04 0.04 0.04 0.25 0.06 0.04 0.26 0.12 
2-Methylpentane 0.11 0.27 0.13 0.09 0.20 0.16 0.06 0.21 0.21 0.15 1.63 0.49 0.15 1.64 0.73 
3-Methylpentane 0.07 0.12 0.08 0.06 0.09 0.07 0.05 0.07 0.05 0.14 0.60 0.09 0.14 0.60 0.30 
2,3-Dimethylpentane 0.05 0.06 0.04 0.03 0.05 0.04 0.03 0.04 0.05 0.05 0.11 0.03 0.05 0.12 0.08 
2,4-Dimethylpentane 0.03 0.04 0.02 0.02 0.04 0.03 0.01 0.03 0.04 0.03 0.20 0.03 0.03 0.20 0.07 
2-Methylhexane 0.04 0.05 0.03 0.03 0.05 0.04 0.02 0.05 0.06 0.04 0.12 0.04 0.05 0.12 0.08 
3-Methylhexane 0.05 0.07 0.04 0.03 0.06 0.04 0.03 0.06 0.09 0.05 0.13 0.05 0.05 0.14 0.10 
2,2,4-Trimethylpentane 0.09 0.09 0.06 0.05 0.09 0.06 0.04 0.06 0.17 0.10 0.18 0.08 0.10 0.18 0.19 
2,3,4-Trimethylpentane 0.11 0.09 0.06 0.01 0.02 0.05 0.01 0.02 0.04 0.02 0.07 0.04 0.02 0.08 0.04 
2-Methylheptane 0.02 0.03 0.01 0.01 0.03 0.03 0.02 0.03 0.16 0.03 0.08 0.03 0.03 0.08 0.11 
3-Methylheptane 0.01 0.03 0.02 0.01 0.03 0.03 0.01 0.02 0.11 0.01 0.10 0.07 0.01 0.10 0.11 
4-Methylheptane 0.01 0.10 0.03 0.01 0.06 0.09 0.00 0.06 0.09 0.01 0.38 0.05 0.01 0.38 0.08 
2,2,5-Trimethylhexane 0.02 0.02 0.01 0.01 0.02 0.02 0.00 0.02 0.04 0.01 0.15 0.05 0.01 0.15 0.05 
2,3-Dimethylhexane 0.01 0.07 0.02 0.01 0.05 0.06 0.00 0.04 0.06 0.01 0.31 0.04 0.01 0.31 0.07 
3-Methyloctane 0.03 0.20 0.14 0.02 0.08 0.15 0.03 0.22 1.22 0.04 0.00 0.09 0.04 0.00 0.23 
 105
Cyclopentane 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.02 0.02 
Cyclopentene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.20 0.00 0.02 0.12 0.00 0.02 0.12 
Cyclopentene2 0.00 0.01 0.01 0.00 0.03 0.01 0.00 0.04 0.03 0.00 0.03 0.02 0.00 0.03 0.03 
Cyclohexane 0.04 0.03 0.04 0.03 0.05 0.06 0.02 0.06 0.16 0.04 0.36 0.14 0.04 0.37 0.31 
Cyclohexene 0.00 0.03 0.04 0.00 0.09 0.04 0.01 0.16 0.10 0.00 0.10 0.08 0.00 0.10 0.11 
Methylcyclopentane 0.05 0.18 0.07 0.04 0.15 0.14 0.02 0.12 0.11 0.06 1.16 0.12 0.06 1.17 0.21 
1,3-Dimethylcyclopentane 
(cis) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.01 0.01 0.03 0.02 
Methylcyclohexane 0.04 0.06 0.03 0.03 0.05 0.05 0.02 0.05 0.23 0.03 0.11 0.05 0.03 0.11 0.25 
Indan 0.01 0.04 0.03 0.01 0.03 0.04 0.00 0.13 0.23 0.01 0.11 0.17 0.01 0.11 0.21 
iso-Propylcyclohexane 0.10 0.09 0.07 0.03 0.11 0.31 0.02 0.64 4.18 0.04 0.21 0.18 0.04 0.22 0.49 
1-Methylindan 0.02 0.09 0.05 0.01 0.06 0.07 0.01 0.18 0.24 0.01 0.25 0.29 0.01 0.26 0.40 
2-Methylindan 0.01 0.06 0.03 0.01 0.04 0.05 0.01 0.11 0.15 0.01 0.18 0.18 0.01 0.18 0.27 
Limonene 2.41 0.31 0.02 0.09 0.27 0.00 0.16 0.09 0.00 0.10 0.13 0.00 0.10 0.13 0.00 
Methyl-t-butylether 0.26 0.28 0.15 0.17 0.27 0.16 0.18 0.30 0.68 0.54 1.05 0.38 0.54 1.06 0.69 
                                
Alkanes 3.34 4.47 3.75 1.71 4.39 4.99 1.53 6.83 19.35 1.82 11.18 6.11 1.83 11.26 8.93 
Alkenes 6.86 3.09 3.29 0.41 4.03 3.61 0.43 17.00 25.21 0.43 17.14 33.78 0.44 17.27 40.85
Alkynes 0.21 0.25 0.17 0.18 0.28 0.19 0.12 0.50 4.13 0.22 0.84 3.75 0.23 0.85 4.71 
Aromatic 1.05 2.93 1.88 0.45 2.75 2.87 0.35 6.58 12.43 0.59 5.67 8.38 0.59 5.71 10.52
Branched Alkanes 3.53 4.01 1.32 0.76 3.81 2.92 0.63 2.54 3.58 1.34 6.78 1.58 1.35 6.83 3.13 
Cyclo- 2.70 0.91 0.41 0.25 0.90 0.78 0.28 1.63 5.65 0.32 2.72 1.38 0.32 2.74 2.44 
Ether 0.26 0.28 0.15 0.17 0.27 0.16 0.18 0.30 0.68 0.54 1.05 0.38 0.54 1.06 0.69 
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ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE 
Compound Name Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.11 0.14 0.10 0.14 0.11 0.09 0.09 0.08 0.06 0.12 0.21 0.06 0.12 0.21 0.10 
Propane 0.32 0.39 0.66 0.28 0.62 0.59 0.15 0.29 0.33 0.31 0.74 0.30 0.32 0.74 0.54 
n-Butane 0.30 0.40 0.29 0.23 0.35 0.21 0.15 0.18 0.20 0.28 0.47 0.15 0.28 0.47 0.42 
n-Pentane 1.54 0.50 0.29 0.30 0.53 0.29 0.20 0.29 0.37 0.43 1.11 0.28 0.44 1.12 0.56 
n-Hexane 0.11 0.82 0.24 0.07 0.67 0.65 0.04 0.57 0.34 0.11 6.57 0.50 0.11 6.61 0.84 
n-Heptane 0.15 0.08 0.06 0.04 0.08 0.09 0.03 0.09 0.19 0.05 0.17 0.08 0.05 0.17 0.19 
n-Octane 0.13 0.07 0.05 0.02 0.07 0.13 0.02 0.12 0.69 0.03 0.17 0.21 0.03 0.17 0.51 
n-Nonane 0.09 0.08 0.06 0.03 0.10 0.30 0.02 0.61 3.94 0.04 0.20 0.17 0.04 0.20 0.46 
n-Decane 0.16 0.36 0.28 0.05 0.27 0.48 0.02 1.13 4.71 0.04 0.57 0.66 0.04 0.57 0.98 
n-Undecane 0.07 0.61 0.38 0.02 0.45 0.59 0.01 1.48 4.05 0.04 1.06 1.63 0.04 1.07 1.86 
n-Dodecane 0.30 0.40 0.40 0.11 0.41 0.60 0.38 0.67 0.94 0.06 0.55 0.78 0.06 0.55 0.94 
Ethene 0.94 3.16 2.48 0.93 3.61 2.79 1.08 10.86 43.82 1.66 13.84 52.63 1.68 13.94 73.27 
Propene 1.16 2.09 2.46 0.51 2.29 2.60 0.52 8.53 104.67 0.64 10.41 91.53 0.64 10.48 93.78 
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1,3-Butadiene 0.14 0.16 0.03 0.05 0.02 0.02 0.14 0.29 0.02 0.05 0.88 0.02 0.05 0.89 0.02 
1-Butene + iso-Butene 0.70 15.06 21.42 0.33 20.58 22.04 0.49 115.79 57.29 0.42 106.16 131.74 0.43 106.93 163.49 
trans-2-Butene 0.00 0.12 0.24 0.00 0.14 0.24 0.05 0.49 6.92 0.10 0.53 5.46 0.10 0.54 5.20 
1-Pentene 0.14 0.63 0.27 0.07 0.62 0.37 0.07 1.04 9.46 0.07 1.01 8.73 0.07 1.02 8.38 
2-methyl-1-Butene 0.24 0.12 0.05 0.03 0.11 0.04 0.03 0.20 0.75 0.03 0.31 0.53 0.03 0.31 0.43 
2-methyl-2-Butene 0.20 0.40 0.16 0.07 0.58 0.40 0.00 0.64 0.25 0.00 1.59 0.57 0.00 1.60 0.58 
cis-2-Butene 0.00 0.06 0.10 0.04 0.11 0.11 0.08 0.27 2.91 0.04 0.34 2.28 0.04 0.34 2.22 
cis-2-Pentene 0.00 0.08 0.03 0.00 0.05 0.00 0.05 0.12 0.63 0.05 0.21 0.52 0.05 0.21 0.50 
Isoprene 5.37 0.19 0.00 0.29 0.32 0.00 0.05 0.05 0.03 0.05 0.36 0.02 0.05 0.36 0.02 
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trans-2-Pentene 0.00 0.08 0.06 0.00 0.13 0.09 0.05 0.19 1.76 0.05 0.40 1.50 0.05 0.40 1.31 
1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 0.29 0.03 0.00 0.25 0.01 0.00 0.46 2.41 0.00 2.05 2.79 0.00 2.07 2.70 
2-methyl-2-pentene 1.71 0.10 0.22 0.00 0.18 0.84 0.20 0.63 0.86 0.00 2.25 1.72 0.00 2.27 5.81 
3-methyl-2-Pentene 7.62 0.09 0.02 0.00 1.32 0.05 0.86 0.11 0.07 0.00 0.35 0.00 0.00 0.36 0.24 
cis-2-Hexene 0.14 0.22 0.09 0.00 0.57 0.79 0.00 3.05 5.42 0.00 2.50 5.13 0.00 2.52 6.93 
cis-3-methyl-2-Pentene 7.55 0.05 0.02 0.00 1.28 0.02 0.86 0.11 0.10 0.00 0.35 0.00 0.00 0.36 0.24 
trans-2-Hexene 1.16 0.05 0.12 0.00 0.15 0.77 0.00 1.00 1.46 0.00 1.49 1.16 0.00 1.50 4.00 
1-Heptene 0.16 0.15 0.09 0.05 0.13 0.11 0.03 0.36 2.64 0.05 0.45 2.62 0.05 0.45 2.37 
2,3-dimethyl-2-Pentene 0.00 0.04 0.06 0.00 0.13 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
a-Pinene 9.59 0.87 0.08 0.35 1.06 0.00 0.00 0.00 0.00 0.38 0.55 0.00 0.38 0.56 0.00 
b-Pinene 7.33 0.66 0.07 0.26 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acetylene 0.25 0.31 0.21 0.22 0.33 0.24 0.15 0.56 4.46 0.28 0.97 4.09 0.28 0.97 5.23 
Propyne 0.01 0.02 0.00 0.00 0.05 0.00 0.00 0.20 2.19 0.00 0.27 1.84 0.00 0.27 2.04 
Benzene 0.13 0.19 0.15 0.08 0.14 0.16 0.05 0.49 1.85 0.09 0.58 1.77 0.09 0.59 2.41 
Toluene 1.83 2.71 1.90 0.58 4.48 3.63 0.39 5.17 6.32 0.93 5.03 6.05 0.94 5.07 7.41 
Ethylbenzene 0.25 0.53 0.31 0.14 0.41 0.49 0.11 0.87 2.17 0.22 0.77 0.81 0.22 0.78 1.14 
m/p-Xylene 0.52 1.63 0.92 0.31 1.19 1.50 0.26 2.85 6.56 0.46 2.14 2.18 0.47 2.16 2.86 
o-Xylene 0.16 0.44 0.26 0.10 0.31 0.40 0.05 1.00 2.35 0.10 0.60 0.64 0.10 0.60 0.84 
Styrene 0.11 0.22 0.07 0.01 0.14 0.07 0.03 0.40 0.12 0.03 0.39 0.11 0.03 0.39 0.13 
1,2,3-Trimethylbenzene 0.27 1.27 0.83 0.09 0.89 1.21 0.09 3.19 5.35 0.09 1.86 2.24 0.09 1.87 2.79 
1,2,4-TMB+t-Butylbenzene 0.05 0.48 0.27 0.05 0.28 0.38 0.05 1.06 1.90 0.05 0.62 0.85 0.05 0.63 0.97 
1,3,5-Trimethylbenzene 0.18 0.80 0.47 0.09 0.47 0.68 0.00 2.10 4.44 0.09 1.10 1.47 0.09 1.11 1.75 
2-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Propylbenzene 0.04 0.03 0.11 0.00 0.03 0.04 0.00 0.15 0.51 0.00 0.05 0.05 0.00 0.05 0.09 
Propylbenzene 0.05 0.22 0.13 0.05 0.16 0.23 0.05 0.81 2.28 0.05 0.38 0.50 0.05 0.39 0.68 
1,2,3,5-Tetramethylbenzene 0.07 0.24 0.15 0.00 0.24 0.29 0.00 0.85 1.15 0.00 0.87 1.04 0.00 0.87 1.29 
1,2,4,5-Tetramethylbenzene 0.02 0.32 0.21 0.02 0.23 0.29 0.02 0.60 0.73 0.00 0.53 0.53 0.00 0.53 0.68 
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1,3-Diethylbenzene 0.00 0.20 0.10 0.00 0.13 0.17 0.06 0.63 1.36 0.00 0.51 0.91 0.00 0.51 0.95 
1,4-Diethylbenzene 0.11 1.06 0.69 0.06 0.76 0.98 0.06 2.84 4.78 0.06 2.63 3.95 0.06 2.65 4.75 
Butylbenzene 0.05 0.17 0.10 0.05 0.13 0.13 0.00 0.90 1.82 0.05 0.94 1.73 0.05 0.94 2.07 
Diethylbenzene 0.10 0.83 0.50 0.05 0.61 0.73 0.05 1.10 1.36 0.05 1.21 1.38 0.05 1.22 1.63 
Diethylbenzene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Isopropyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Propyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Butane 0.26 0.26 0.18 0.13 0.19 0.14 0.08 0.15 0.21 0.16 0.42 0.18 0.16 0.43 0.39 
iso-Pentane 4.38 4.11 0.73 0.40 4.55 3.17 0.39 2.42 1.64 0.76 3.46 0.29 0.76 3.49 0.72 
2,2-Dimethylbutane 0.04 0.06 0.04 0.03 0.05 0.01 0.02 0.03 0.04 0.05 0.10 0.04 0.05 0.11 0.07 
2,3-Dimethylbutane 0.04 0.06 0.04 0.03 0.05 0.04 0.03 0.04 0.05 0.04 0.29 0.07 0.04 0.29 0.13 
2-Methylpentane 0.19 0.47 0.23 0.16 0.36 0.29 0.11 0.37 0.37 0.26 2.89 0.88 0.26 2.91 1.30 
3-Methylpentane 0.15 0.25 0.16 0.12 0.19 0.15 0.11 0.15 0.11 0.28 1.23 0.19 0.28 1.24 0.62 
2,3-Dimethylpentane 0.08 0.10 0.05 0.05 0.08 0.05 0.04 0.06 0.08 0.08 0.18 0.05 0.08 0.18 0.12 
2,4-Dimethylpentane 0.04 0.07 0.04 0.03 0.07 0.05 0.02 0.05 0.06 0.05 0.32 0.06 0.05 0.32 0.11 
2-Methylhexane 0.05 0.07 0.04 0.04 0.07 0.05 0.03 0.07 0.08 0.06 0.17 0.05 0.06 0.17 0.11 
3-Methylhexane 0.10 0.13 0.07 0.06 0.11 0.08 0.05 0.11 0.16 0.10 0.25 0.08 0.10 0.25 0.18 
2,2,4-Trimethylpentane 0.13 0.13 0.09 0.08 0.13 0.08 0.05 0.09 0.25 0.14 0.26 0.11 0.14 0.26 0.27 
2,3,4-Trimethylpentane 0.14 0.11 0.07 0.01 0.02 0.06 0.01 0.02 0.05 0.03 0.09 0.05 0.03 0.09 0.05 
2-Methylheptane 0.02 0.03 0.02 0.01 0.03 0.04 0.02 0.04 0.18 0.03 0.09 0.03 0.03 0.09 0.13 
3-Methylheptane 0.02 0.05 0.03 0.01 0.04 0.04 0.01 0.03 0.15 0.02 0.13 0.09 0.02 0.14 0.15 
4-Methylheptane 0.01 0.15 0.04 0.01 0.09 0.13 0.00 0.08 0.12 0.01 0.56 0.08 0.01 0.56 0.12 
2,2,5-Trimethylhexane 0.02 0.03 0.01 0.01 0.02 0.02 0.00 0.02 0.05 0.01 0.19 0.07 0.01 0.19 0.06 
2,3-Dimethylhexane 0.01 0.10 0.02 0.01 0.06 0.09 0.00 0.06 0.08 0.01 0.41 0.05 0.01 0.41 0.09 
3-Methyloctane 0.04 0.23 0.16 0.02 0.09 0.17 0.03 0.25 1.39 0.05 0.00 0.10 0.05 0.00 0.27 
Cyclopentane 0.04 0.04 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.04 0.05 0.02 0.04 0.05 0.05 
Cyclopentene 0.00 0.02 0.02 0.00 0.03 0.03 0.00 0.17 1.47 0.00 0.16 0.87 0.00 0.16 0.85 
Cyclopentene2 0.00 0.06 0.07 0.00 0.20 0.07 0.00 0.32 0.20 0.00 0.20 0.17 0.00 0.20 0.24 
Cyclohexane 0.06 0.05 0.06 0.04 0.08 0.08 0.03 0.08 0.24 0.06 0.52 0.21 0.06 0.53 0.44 
Cyclohexene 0.00 0.14 0.20 0.00 0.48 0.19 0.03 0.84 0.53 0.00 0.52 0.44 0.00 0.53 0.61 
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Methylcyclopentane 0.12 0.43 0.16 0.09 0.35 0.34 0.05 0.29 0.26 0.15 2.78 0.30 0.15 2.80 0.51 
1,3-Dimethylcyclopentane 
(cis) 0.03 0.03 0.02 0.01 0.03 0.01 0.01 0.02 0.05 0.03 0.06 0.02 0.03 0.06 0.05 
Methylcyclohexane 0.08 0.11 0.06 0.05 0.11 0.10 0.04 0.10 0.46 0.06 0.21 0.10 0.06 0.22 0.48 
Indan 0.02 0.13 0.09 0.02 0.09 0.12 0.00 0.41 0.72 0.02 0.35 0.54 0.02 0.36 0.66 
iso-Propylcyclohexane 0.12 0.11 0.09 0.04 0.14 0.38 0.02 0.79 5.14 0.05 0.26 0.23 0.05 0.27 0.60 
1-Methylindan 0.05 0.24 0.15 0.02 0.16 0.20 0.02 0.51 0.67 0.02 0.72 0.81 0.02 0.73 1.13 
2-Methylindan 0.02 0.16 0.10 0.02 0.11 0.15 0.02 0.32 0.41 0.02 0.51 0.52 0.02 0.52 0.76 
Limonene 9.60 1.22 0.08 0.36 1.07 0.00 0.65 0.38 0.00 0.39 0.53 0.00 0.39 0.54 0.00 
Methyl-t-butylether 0.93 1.03 0.54 0.63 0.99 0.58 0.66 1.08 2.45 1.95 3.83 1.36 1.96 3.86 2.50 
                                
Alkanes 3.29 3.85 2.81 1.28 3.67 4.00 1.12 5.50 15.82 1.51 11.80 4.82 1.52 11.88 7.39 
Alkenes 44.16 24.65 28.11 2.98 33.87 31.28 4.55 144.21 241.47 3.59 146.05 308.92 3.62 147.10 371.48 
Alkynes 0.26 0.32 0.21 0.22 0.38 0.24 0.15 0.76 6.65 0.28 1.23 5.93 0.28 1.24 7.26 
Aromatic 3.93 11.32 7.16 1.68 10.61 11.38 1.27 25.01 45.06 2.26 20.23 26.20 2.28 20.37 32.43 
Branched Alkanes 5.73 6.40 2.03 1.20 6.20 4.66 1.00 4.03 5.05 2.14 11.04 2.47 2.16 11.12 4.88 
Cyclo- 10.15 2.73 1.12 0.68 2.86 1.68 0.90 4.24 10.16 0.84 6.90 4.21 0.85 6.95 6.40 
Ether 0.93 1.03 0.54 0.63 0.99 0.58 0.66 1.08 2.45 1.95 3.83 1.36 1.96 3.86 2.50 
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Appendix B.3: School Bus Carbonyl Data (mg/mi) 
 
 
Compound Name  ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE
Tnl Bkg 2.07 1.79 2.27 1.88 1.89 
Tnl Bkg Uny 0.25 0.22 0.30 0.29 0.30 
Unc 0.19 0.18 40.83 35.92 33.17 
Formaldehyde 
Unc Uny 0.08 0.08 4.64 4.09 3.77 
Tnl Bkg 2.83 1.40 2.09 1.62 1.63 
Tnl Bkg Uny 0.40 0.22 0.36 0.32 0.32 
Unc 0.04 0.04 14.99 13.83 12.67 
Acetaldehyde 
Unc Uny 0.11 0.10 2.08 1.93 1.77 
Tnl Bkg 7.90 4.49 4.91 5.13 5.16 
Tnl Bkg Uny 2.34 2.02 3.81 3.85 3.88 
Unc 0.00 0.00 8.38 7.45 6.78 
Acetone 
Unc Uny 2.06 2.05 4.41 4.34 4.30 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.08 0.08 0.18 0.18 0.18 
Unc 0.00 0.00 0.58 0.61 0.35 
Acrolein 
Unc Uny 0.10 0.10 0.27 0.27 0.23 
Tnl Bkg 0.42 0.31 0.51 0.38 0.38 
Tnl Bkg Uny 0.17 0.13 0.23 0.21 0.21 
Unc 0.11 0.16 2.54 2.50 2.55 
Propanal 
Unc Uny 0.09 0.11 0.93 0.88 0.87 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.10 0.10 0.21 0.21 0.21 
Unc 0.00 0.00 1.82 1.61 1.25 
Crotonaldehyde 
Unc Uny 0.12 0.12 0.35 0.33 0.30 
Methyl Ethyl Ketone Tnl Bkg 0.18 0.00 0.16 2.45 2.47 
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Tnl Bkg Uny 0.12 0.12 0.26 0.44 0.44 
Unc 0.00 0.00 1.98 1.31 0.92 
 
Unc Uny 0.14 0.14 0.39 0.33 0.32 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.10 0.10 0.21 0.21 0.21 
Unc 0.00 0.00 0.52 0.00 0.19 
Methacrolein 
Unc Uny 0.12 0.12 0.25 0.23 0.24 
Tnl Bkg 0.42 0.40 0.31 0.36 0.36 
Tnl Bkg Uny 0.09 0.08 0.15 0.14 0.15 
Unc 0.00 0.00 3.37 4.60 4.39 
Butanal 
Unc Uny 0.07 0.07 0.47 0.60 0.56 
Tnl Bkg 0.38 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.19 0.15 0.27 0.27 0.27 
Unc 0.00 0.00 1.64 0.00 0.00 
Benzaldehyde 
Unc Uny 0.15 0.15 0.72 0.30 0.30 
Tnl Bkg 0.17 0.31 0.46 0.34 0.35 
Tnl Bkg Uny 0.11 0.12 0.25 0.24 0.24 
Unc 0.00 0.00 4.44 3.91 3.68 
Glyoxal 
Unc Uny 0.13 0.13 0.72 0.65 0.62 
Tnl Bkg 0.34 0.20 0.00 0.00 0.00 
Tnl Bkg Uny 0.13 0.12 0.25 0.25 0.25 
Unc 0.00 0.00 1.34 1.61 0.94 
Valeraldehyde 
Unc Uny 0.13 0.13 0.40 0.44 0.36 
Tnl Bkg 0.00 0.21 0.00 0.00 0.00 
Tnl Bkg Uny 0.14 0.15 0.30 0.30 0.30 
Unc 0.00 0.00 0.84 0.00 0.00 
Tolualdehyde 
Unc Uny 0.17 0.17 0.36 0.33 0.33 
Tnl Bkg 0.51 0.00 0.00 0.43 0.44 
Tnl Bkg Uny 0.13 0.13 0.27 0.27 0.27 
Hexanal 
Unc 0.00 0.00 0.41 0.00 0.00 
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 Unc Uny 0.15 0.15 0.30 0.30 0.30 
       
Tnl Bkg 15.22 9.10 10.71 12.59 12.68 
Tnl Bkg Uny 4.34 3.75 7.04 7.17 7.22 
Unc 0.34 0.38 83.67 73.36 66.91 Total 
Unc Uny 3.62 3.61 16.29 15.02 14.27 
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Appendix B.4: School Bus Carbonyl OFP Data (mgoz/mi) 
 
 
Compound Name  ECD+DPX ECD1+DPX ECD1+NONE ECD+NONE CARB+NONE
Tnl Bkg 18.53 16.04 20.29 16.82 16.94 
Tnl Bkg Uny 2.24 2.01 2.73 2.64 2.66 
Unc 1.67 1.66 365.88 321.88 297.24 
Formaldehyde 
Unc Uny 0.75 0.76 41.60 36.60 33.79 
Tnl Bkg 19.36 9.55 14.27 11.08 11.16 
Tnl Bkg Uny 2.76 1.53 2.44 2.19 2.20 
Unc 0.29 0.29 102.36 94.47 86.56 
Acetaldehyde 
Unc Uny 0.74 0.71 14.20 13.19 12.08 
Tnl Bkg 3.40 1.93 2.11 2.20 2.22 
Tnl Bkg Uny 1.01 0.87 1.64 1.65 1.67 
Unc 0.00 0.00 3.60 3.20 2.92 
Acetone 
Unc Uny 0.89 0.88 1.90 1.87 1.85 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.61 0.64 1.34 1.33 1.34 
Unc 0.00 0.00 4.38 4.60 2.61 
Acrolein 
Unc Uny 0.75 0.74 2.00 2.01 1.76 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.00 0.00 0.00 0.00 0.00 
Unc 0.00 0.00 0.00 0.00 0.00 
Propanal 
Unc Uny 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.95 0.99 2.07 2.06 2.07 
Unc 0.00 0.00 18.13 16.06 12.50 
Crotonaldehyde 
Unc Uny 1.16 1.15 3.49 3.29 2.97 
Methyl Ethyl Ketone Tnl Bkg 0.27 0.00 0.24 3.63 3.65 
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Tnl Bkg Uny 0.18 0.18 0.38 0.65 0.65 
Unc 0.00 0.00 2.93 1.95 1.37 
 
Unc Uny 0.21 0.21 0.58 0.49 0.47 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.59 0.61 1.29 1.28 1.29 
Unc 0.00 0.00 3.20 0.00 1.18 
Methacrolein 
Unc Uny 0.72 0.71 1.54 1.43 1.46 
Tnl Bkg 2.78 2.66 2.09 2.40 2.42 
Tnl Bkg Uny 0.57 0.54 0.97 0.97 0.97 
Unc 0.00 0.00 22.51 30.73 29.34 
Butanal 
Unc Uny 0.48 0.48 3.15 3.98 3.77 
Tnl Bkg -0.23 0.00 0.00 0.00 0.00 
Tnl Bkg Uny -0.12 -0.09 -0.17 -0.17 -0.17 
Unc 0.00 0.00 -1.00 0.00 0.00 
Benzaldehyde 
Unc Uny -0.09 -0.09 -0.44 -0.19 -0.19 
Tnl Bkg 2.46 4.36 6.52 4.88 4.91 
Tnl Bkg Uny 1.59 1.76 3.53 3.41 3.43 
Unc 0.00 0.00 63.16 55.56 52.38 
Glyoxal 
Unc Uny 1.84 1.83 10.21 9.24 8.85 
Tnl Bkg 1.95 1.14 0.00 0.00 0.00 
Tnl Bkg Uny 0.74 0.71 1.41 1.40 1.41 
Unc 0.00 0.00 7.65 9.21 5.35 
Valeraldehyde 
Unc Uny 0.76 0.76 2.30 2.52 2.03 
Tnl Bkg 0.00 -0.11 0.00 0.00 0.00 
Tnl Bkg Uny -0.07 -0.08 -0.16 -0.16 -0.16 
Unc 0.00 0.00 -0.45 0.00 0.00 
Tolualdehyde 
Unc Uny -0.09 -0.09 -0.19 -0.18 -0.18 
Tnl Bkg 2.49 0.00 0.00 2.13 2.15 
Tnl Bkg Uny 0.63 0.63 1.33 1.32 1.33 
Hexanal 
Unc 0.00 0.00 2.04 0.00 0.00 
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 Unc Uny 0.74 0.74 1.48 1.47 1.47 
       
Tnl Bkg 51.02 35.57 45.52 43.14 43.45 
Tnl Bkg Uny 11.68 10.28 18.79 18.56 18.70 
Unc 1.96 1.95 594.38 537.66 491.44 Total 
Unc Uny 8.85 8.78 81.82 75.73 70.14 
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Appendix C: Grocery Truck Data 
 
Appendix C.1: Grocery Truck VOC Data (mg/mi) 
 
 
ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX Compound Name 
Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.82 0.81 0.46 0.33 0.59 0.24 0.68 0.77 0.44 0.68 0.77 0.33 0.49 0.00 2.30 
Propane 1.49 1.88 1.55 0.67 1.55 0.86 2.13 1.71 2.18 2.12 1.71 0.94 0.78 0.00 2.62 
n-Butane 0.67 0.70 0.55 0.26 0.49 0.25 0.77 0.61 0.82 0.77 0.60 0.25 0.52 0.79 0.74 
n-Pentane 0.57 0.62 0.73 0.23 0.52 0.27 0.61 0.71 0.58 0.61 0.71 0.31 0.59 1.50 0.78 
n-Hexane 0.16 1.44 7.23 0.08 0.83 0.67 0.21 2.66 0.73 0.21 2.65 0.58 0.18 1.85 0.38 
n-Heptane 0.09 0.20 0.16 0.04 0.14 0.10 0.10 0.18 0.22 0.10 0.18 0.20 0.12 0.15 0.18 
n-Octane 0.06 0.22 0.23 0.02 0.14 0.42 0.06 0.19 0.66 0.06 0.19 0.57 0.06 0.18 0.28 
n-Nonane 0.12 0.25 0.19 0.04 0.13 0.14 0.08 0.24 3.11 0.08 0.24 1.12 0.11 0.22 0.92 
n-Decane 0.13 0.70 0.36 0.06 0.39 0.53 0.10 0.78 4.10 0.10 0.77 2.40 0.14 0.67 1.45 
n-Undecane 0.14 1.20 0.70 0.06 0.81 1.18 0.11 0.95 3.84 0.11 0.94 2.95 0.12 0.81 1.31 
n-Dodecane 0.21 0.96 0.76 0.02 1.03 1.50 0.07 0.20 0.33 0.07 0.20 0.44 0.04 0.08 0.13 
Ethene 0.29 1.07 0.32 0.16 0.87 0.30 0.41 1.66 12.39 0.41 1.65 9.90 0.24 0.00 3.93 
Propene 0.08 0.49 0.23 0.06 0.43 0.33 0.14 0.97 11.18 0.14 0.97 10.18 0.08 0.00 1.29 
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
1,3-Butadiene 0.01 0.03 0.01 0.00 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
1-Butene + iso-Butene 0.07 12.46 7.87 0.07 15.62 6.75 0.11 7.20 5.08 0.11 7.17 6.10 0.00 12.51 3.57 
trans-2-Butene 0.01 0.02 0.01 0.00 0.02 0.03 0.01 0.05 0.40 0.01 0.05 0.36 0.00 0.03 0.06 
1-Pentene 0.00 0.07 0.04 0.01 0.05 0.09 0.01 0.13 1.24 0.01 0.13 1.10 0.01 0.10 0.09 
2-methyl-1-Butene 0.01 0.03 0.01 0.00 0.03 0.01 0.00 0.06 0.06 0.00 0.06 0.08 0.01 0.03 0.02 
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2-methyl-2-Butene 0.02 0.27 0.06 0.00 0.11 0.17 0.00 0.02 0.01 0.00 0.02 0.03 0.00 0.04 0.01 
cis-2-Butene 0.00 0.02 0.01 0.00 0.02 0.01 0.01 0.04 0.19 0.01 0.04 0.18 0.00 0.03 0.03 
cis-2-Pentene 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.06 0.00 0.02 0.06 0.00 0.01 0.00 
Isoprene 0.05 0.02 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
trans-2-Pentene 0.01 0.02 0.01 0.00 0.03 0.02 0.01 0.04 0.17 0.01 0.04 0.16 0.00 0.01 0.01 
1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 0.11 0.01 0.00 0.03 0.02 0.00 0.18 0.44 0.00 0.18 0.36 0.00 0.14 0.02 
2-methyl-2-pentene 0.01 0.03 0.22 0.00 0.11 0.06 0.01 0.21 0.05 0.01 0.21 0.05 0.00 0.01 0.01 
3-methyl-2-Pentene 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
cis-2-Hexene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
cis-3-methyl-2-Pentene 0.00 0.01 0.09 0.00 0.02 0.07 0.00 0.00 0.02 0.00 0.00 0.03 0.00 0.02 0.03 
trans-2-Hexene 0.00 0.08 0.19 0.00 0.14 0.94 0.00 0.30 0.51 0.00 0.30 0.92 0.00 0.12 0.37 
1-Heptene 0.04 0.08 0.05 0.01 0.07 0.04 0.05 0.10 0.44 0.05 0.10 0.29 0.04 0.05 0.07 
2,3-dimethyl-2-Pentene 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
a-Pinene 0.12 0.28 0.74 0.08 0.15 0.00 0.07 0.12 0.00 0.07 0.12 0.00 0.08 0.14 0.00 
b-Pinene 0.03 0.10 0.42 0.01 0.06 0.00 0.03 0.04 0.00 0.03 0.04 0.00 0.03 0.02 0.00 
Acetylene 0.37 0.60 0.33 0.18 0.51 0.22 0.48 0.79 6.37 0.48 0.79 4.36 0.24 0.00 0.48 
Propyne 0.01 0.04 0.02 0.00 0.04 0.02 0.02 0.07 0.71 0.02 0.07 0.64 0.00 0.00 0.01 
Benzene 0.20 0.52 0.27 0.09 0.48 0.35 0.23 0.70 2.82 0.23 0.70 2.12 0.16 0.48 0.55 
Toluene 0.41 2.65 1.47 0.20 1.46 2.69 0.51 2.39 3.06 0.51 2.38 4.03 0.38 2.06 4.23 
Ethylbenzene 0.07 0.23 0.15 0.04 0.15 0.18 0.09 0.24 0.48 0.09 0.24 0.37 0.07 0.15 0.23 
m/p-Xylene 0.10 0.44 0.27 0.07 0.28 0.36 0.16 0.44 0.96 0.16 0.44 0.69 0.10 0.26 0.41 
o-Xylene 0.03 0.11 0.07 0.02 0.07 0.09 0.04 0.11 0.32 0.04 0.11 0.22 0.04 0.07 0.11 
Styrene 0.03 0.16 0.09 0.01 0.10 0.01 0.03 0.14 0.06 0.03 0.14 0.05 0.00 0.07 0.01 
1,2,3-Trimethylbenzene 0.02 0.15 0.08 0.01 0.10 0.15 0.02 0.14 0.38 0.02 0.14 0.41 0.02 0.08 0.12 
1,2,4-TMB+t-Butylbenzene 0.01 0.09 0.05 0.01 0.06 0.08 0.02 0.08 0.23 0.02 0.08 0.21 0.00 0.05 0.07 
1,3,5-Trimethylbenzene 0.01 0.09 0.05 0.01 0.06 0.08 0.01 0.08 0.31 0.01 0.08 0.26 0.02 0.05 0.07 
2-Ethyltoluene 0.02 0.09 0.05 0.01 0.06 0.08 0.03 0.08 0.35 0.02 0.08 0.27 0.03 0.05 0.07 
3-Ethyltoluene 0.02 0.08 0.04 0.01 0.05 0.07 0.03 0.07 0.30 0.02 0.07 0.21 0.04 0.05 0.07 
4-Ethyltoluene 0.02 0.08 0.04 0.01 0.05 0.06 0.03 0.07 0.28 0.02 0.07 0.21 0.04 0.04 0.06 
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iso-Propylbenzene 0.01 0.03 0.02 0.00 0.02 0.02 0.01 0.03 0.18 0.01 0.03 0.10 0.01 0.02 0.03 
Propylbenzene 0.02 0.05 0.03 0.01 0.04 0.05 0.02 0.06 0.30 0.02 0.06 0.20 0.02 0.03 0.05 
1,2,3,5-Tetramethylbenzene 0.03 0.24 0.13 0.02 0.20 0.33 0.02 0.14 0.28 0.02 0.14 0.35 0.05 0.13 0.20 
1,2,4,5-Tetramethylbenzene 0.02 0.16 0.08 0.01 0.13 0.20 0.02 0.10 0.20 0.02 0.10 0.23 0.03 0.08 0.13 
1,3-Diethylbenzene 0.01 0.05 0.03 0.00 0.03 0.04 0.01 0.04 0.16 0.01 0.04 0.15 0.01 0.02 0.03 
1,4-Diethylbenzene 0.04 0.23 0.13 0.01 0.15 0.24 0.03 0.20 0.59 0.03 0.20 0.63 0.04 0.11 0.15 
Butylbenzene 0.02 0.08 0.05 0.01 0.05 0.09 0.02 0.07 0.27 0.02 0.07 0.26 0.01 0.04 0.05 
Diethylbenzene 0.03 0.17 0.10 0.01 0.13 0.19 0.02 0.14 0.34 0.02 0.14 0.41 0.02 0.06 0.10 
Diethylbenzene2 0.04 0.27 0.15 0.02 0.19 0.30 0.03 0.17 0.44 0.03 0.17 0.49 0.03 0.09 0.13 
Isopropyltoluene 0.01 0.02 0.01 0.01 0.05 0.05 0.00 0.07 0.08 0.00 0.07 0.21 0.06 0.13 0.19 
Propyltoluene 0.02 0.08 0.00 0.01 0.05 0.04 0.02 0.09 0.32 0.02 0.09 0.31 0.02 0.06 0.07 
iso-Butane 0.34 0.39 0.33 0.12 0.31 0.18 0.41 0.42 0.54 0.41 0.42 0.18 0.26 0.50 0.44 
iso-Pentane 0.97 1.03 0.60 0.38 1.23 0.41 0.98 1.12 1.11 0.98 1.12 0.51 1.13 0.99 1.15 
2,2-Dimethylbutane 0.07 0.10 0.06 0.05 0.09 0.04 0.10 0.11 0.11 0.10 0.10 0.04 0.10 0.07 0.08 
2,3-Dimethylbutane 0.07 0.17 0.11 0.07 0.15 0.08 0.15 0.17 0.19 0.15 0.17 0.06 0.12 0.11 0.13 
2-Methylpentane 0.30 0.81 0.48 0.27 0.73 0.41 0.64 0.74 0.72 0.63 0.74 0.30 0.20 0.27 0.25 
3-Methylpentane 0.23 0.35 0.34 0.21 0.54 0.43 0.46 0.86 1.09 0.46 0.86 0.34 0.08 0.77 0.16 
2,3-Dimethylpentane 0.09 0.16 0.10 0.05 0.14 0.07 0.13 0.15 0.18 0.13 0.15 0.11 0.15 0.15 0.15 
2,4-Dimethylpentane 0.06 0.14 0.18 0.03 0.09 0.07 0.08 0.16 0.11 0.08 0.16 0.05 0.08 0.15 0.11 
2-Methylhexane 0.08 0.17 0.10 0.03 0.14 0.07 0.10 0.15 0.14 0.10 0.15 0.08 0.12 0.13 0.14 
3-Methylhexane 0.10 0.20 0.11 0.03 0.15 0.08 0.12 0.17 0.18 0.12 0.17 0.11 0.17 0.17 0.19 
2,2,4-Trimethylpentane 0.17 0.27 0.18 0.09 0.24 0.10 0.25 0.25 0.33 0.25 0.25 0.09 0.33 0.27 0.34 
2,3,4-Trimethylpentane 0.05 0.08 0.04 0.02 0.07 0.03 0.06 0.08 0.08 0.06 0.08 0.03 0.07 0.08 0.08 
2-Methylheptane 0.05 0.10 0.05 0.02 0.09 0.07 0.05 0.09 0.19 0.05 0.09 0.19 0.06 0.07 0.09 
3-Methylheptane 0.05 0.12 0.07 0.02 0.07 0.07 0.06 0.11 0.22 0.06 0.11 0.21 0.05 0.10 0.16 
4-Methylheptane 0.02 0.27 0.09 0.00 0.09 0.13 0.02 0.26 0.23 0.02 0.26 0.16 0.03 0.35 0.11 
2,2,5-Trimethylhexane 0.04 0.07 0.74 0.02 0.16 0.09 0.04 0.12 0.20 0.04 0.12 0.26 0.12 0.56 0.58 
2,3-Dimethylhexane 0.01 0.16 0.01 0.00 0.03 0.05 0.01 0.01 0.13 0.01 0.01 0.03 0.02 0.25 0.08 
3-Methyloctane 0.06 0.12 0.01 0.06 0.11 0.14 0.06 0.14 1.05 0.06 0.14 0.48 0.04 0.07 0.33 
Cyclopentane 0.02 0.02 0.02 0.01 0.02 0.01 0.03 0.04 0.04 0.03 0.04 0.02 0.05 0.05 0.05 
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Cyclopentene 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.11 0.00 0.02 0.09 0.00 0.01 0.01 
Cyclopentene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cyclohexane 0.08 0.20 0.14 0.03 0.22 0.10 0.08 0.33 0.20 0.08 0.33 0.21 0.08 0.46 0.22 
Cyclohexene 0.00 0.11 0.05 0.00 0.09 0.04 0.00 0.10 0.06 0.00 0.10 0.09 0.00 0.30 0.05 
Methylcyclopentane 0.12 0.48 1.23 0.05 0.28 0.25 0.13 0.77 0.32 0.13 0.76 0.22 0.16 0.59 0.23 
1,3-Dimethylcyclopentane 
(cis) 0.03 0.04 0.02 0.01 0.03 0.01 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.03 0.03 
Methylcyclohexane 0.11 0.17 0.10 0.03 0.12 0.06 0.09 0.17 0.26 0.09 0.17 0.38 0.10 0.11 0.16 
Indan 0.02 0.06 0.04 0.01 0.04 0.07 0.02 0.06 0.19 0.02 0.06 0.20 0.02 0.04 0.05 
iso-Propylcyclohexane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.13 0.00 0.03 0.06 0.10 0.21 0.92 
1-Methylindan 0.04 0.11 0.07 0.02 0.10 0.18 0.02 0.08 0.20 0.02 0.08 0.26 0.02 0.06 0.10 
2-Methylindan 0.03 0.07 0.05 0.01 0.07 0.12 0.01 0.06 0.14 0.01 0.06 0.18 0.01 0.05 0.07 
Limonene 0.09 3.72 1.14 0.08 2.64 0.06 0.06 3.06 0.36 0.06 3.05 0.98 0.43 2.72 0.48 
Methyl-t-butylether 0.92 1.53 0.89 0.45 1.36 0.43 1.19 1.47 1.73 1.19 1.46 0.66 0.93 0.68 0.75 
                
Alkanes 4.45 8.98 12.92 1.82 6.62 6.15 4.93 8.99 17.02 4.91 8.96 10.10 3.14 6.26 11.09
Alkenes 0.75 15.23 10.45 0.42 17.81 8.85 0.87 11.15 32.23 0.86 11.11 29.83 0.51 13.32 9.54 
Alkynes 0.38 0.64 0.34 0.18 0.55 0.25 0.50 0.87 7.08 0.50 0.87 5.00 0.24 0.00 0.49 
Aromatic 1.16 6.05 3.40 0.58 3.97 5.75 1.37 5.66 12.68 1.37 5.64 12.39 1.20 4.19 7.14 
Branched Alkanes 2.75 4.72 3.61 1.45 4.41 2.53 3.72 5.11 6.81 3.70 5.09 3.24 3.12 5.06 4.57 
Cyclo- 0.54 5.01 2.86 0.24 3.61 0.90 0.47 4.75 2.05 0.47 4.74 2.72 1.01 4.63 2.37 
Ether 0.92 1.53 0.89 0.45 1.36 0.43 1.19 1.47 1.73 1.19 1.46 0.66 0.93 0.68 0.75 
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Appendix C.2: Grocery Truck VOC OFP Data (mgoz/mi) 
 
 
ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX Compound Name 
Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.26 0.25 0.14 0.10 0.18 0.08 0.21 0.24 0.13 0.21 0.24 0.10 0.15 0.00 0.71 
Propane 0.84 1.05 0.87 0.37 0.87 0.48 1.19 0.96 1.22 1.19 0.96 0.53 0.44 0.00 1.46 
n-Butane 0.88 0.92 0.73 0.34 0.64 0.32 1.02 0.80 1.09 1.02 0.80 0.33 0.69 1.05 0.97 
n-Pentane 0.87 0.94 1.11 0.35 0.80 0.42 0.93 1.09 0.89 0.93 1.09 0.48 0.91 2.29 1.19 
n-Hexane 0.22 2.06 10.33 0.11 1.18 0.96 0.30 3.80 1.04 0.30 3.79 0.83 0.26 2.64 0.55 
n-Heptane 0.11 0.26 0.20 0.05 0.18 0.13 0.13 0.22 0.28 0.13 0.22 0.25 0.15 0.19 0.22 
n-Octane 0.06 0.24 0.26 0.03 0.15 0.45 0.07 0.20 0.72 0.07 0.20 0.62 0.06 0.20 0.31 
n-Nonane 0.11 0.23 0.18 0.04 0.12 0.13 0.07 0.22 2.89 0.07 0.22 1.04 0.10 0.20 0.85 
n-Decane 0.10 0.57 0.29 0.05 0.31 0.43 0.08 0.63 3.32 0.08 0.63 1.94 0.11 0.54 1.17 
n-Undecane 0.10 0.86 0.50 0.05 0.58 0.85 0.08 0.68 2.77 0.08 0.68 2.12 0.09 0.58 0.94 
n-Dodecane 0.14 0.62 0.49 0.01 0.66 0.96 0.05 0.13 0.21 0.05 0.13 0.28 0.02 0.05 0.09 
Ethene 2.60 9.73 2.88 1.42 7.88 2.73 3.75 15.02 112.40 3.74 14.97 89.76 2.13 0.00 35.65 
Propene 0.89 5.73 2.64 0.74 5.03 3.80 1.59 11.27 129.31 1.59 11.23 117.76 0.95 0.00 14.96 
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1,3-Butadiene 0.10 0.42 0.15 0.05 0.22 0.05 0.10 0.13 0.19 0.10 0.13 0.07 0.05 0.19 0.00 
1-Butene + iso-Butene 0.55 103.07 65.10 0.57 129.19 55.81 0.91 59.51 41.98 0.90 59.29 50.47 0.00 103.42 29.54 
trans-2-Butene 0.11 0.29 0.16 0.05 0.34 0.38 0.11 0.71 5.54 0.11 0.70 5.05 0.00 0.49 0.88 
1-Pentene 0.00 0.53 0.32 0.07 0.42 0.68 0.11 1.00 9.55 0.11 1.00 8.51 0.11 0.81 0.73 
2-methyl-1-Butene 0.06 0.20 0.06 0.03 0.19 0.04 0.00 0.38 0.38 0.00 0.38 0.50 0.06 0.19 0.12 
2-methyl-2-Butene 0.28 3.90 0.83 0.00 1.58 2.49 0.07 0.32 0.12 0.07 0.32 0.38 0.00 0.65 0.16 
cis-2-Butene 0.04 0.19 0.07 0.04 0.21 0.13 0.08 0.36 1.98 0.08 0.36 1.86 0.00 0.26 0.29 
cis-2-Pentene 0.05 0.11 0.03 0.00 0.13 0.03 0.00 0.22 0.57 0.00 0.22 0.56 0.05 0.07 0.05 
Isoprene 0.51 0.18 1.63 0.00 0.00 0.00 0.05 0.00 0.02 0.05 0.00 0.02 0.00 0.08 0.00 
trans-2-Pentene 0.10 0.24 0.07 0.05 0.30 0.21 0.10 0.45 1.71 0.10 0.45 1.61 0.05 0.15 0.15 
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1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 0.58 0.04 0.00 0.16 0.09 0.00 0.91 2.25 0.00 0.90 1.88 0.00 0.71 0.08 
2-methyl-2-pentene 0.14 0.38 2.66 0.00 1.35 0.76 0.07 2.47 0.58 0.07 2.46 0.60 0.00 0.07 0.11 
3-methyl-2-Pentene 0.07 0.08 0.00 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0.04 0.05 0.00 0.11 0.17 
cis-2-Hexene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 
cis-3-methyl-2-Pentene 0.00 0.17 1.21 0.00 0.30 0.92 0.00 0.00 0.20 0.00 0.00 0.43 0.00 0.30 0.38 
trans-2-Hexene 0.00 0.63 1.55 0.00 1.21 7.88 0.00 2.50 4.27 0.00 2.49 7.69 0.00 1.02 3.12 
1-Heptene 0.17 0.33 0.23 0.06 0.28 0.17 0.20 0.42 1.83 0.20 0.41 1.23 0.17 0.19 0.28 
2,3-dimethyl-2-Pentene 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 
a-Pinene 0.53 1.22 3.19 0.32 0.64 0.00 0.28 0.53 0.00 0.28 0.53 0.00 0.36 0.59 0.00 
b-Pinene 0.09 0.31 1.37 0.03 0.20 0.00 0.09 0.14 0.00 0.09 0.14 0.00 0.09 0.07 0.00 
Acetylene 0.46 0.75 0.41 0.22 0.63 0.28 0.60 0.99 7.90 0.60 0.98 5.40 0.29 0.00 0.59 
Propyne 0.03 0.16 0.07 0.00 0.16 0.09 0.08 0.30 2.91 0.08 0.30 2.64 0.02 0.00 0.03 
Benzene 0.16 0.42 0.22 0.07 0.39 0.28 0.19 0.57 2.28 0.19 0.57 1.71 0.13 0.39 0.44 
Toluene 1.61 10.51 5.85 0.81 5.82 10.68 2.04 9.50 12.13 2.03 9.46 15.99 1.49 8.17 16.81 
Ethylbenzene 0.38 1.17 0.75 0.23 0.77 0.93 0.46 1.22 2.47 0.46 1.22 1.91 0.38 0.75 1.18 
m/p-Xylene 0.77 3.25 1.99 0.49 2.08 2.68 1.21 3.27 7.11 1.20 3.26 5.15 0.76 1.95 3.02 
o-Xylene 0.22 0.82 0.56 0.16 0.53 0.69 0.33 0.80 2.40 0.33 0.80 1.67 0.33 0.55 0.84 
Styrene 0.06 0.31 0.18 0.01 0.20 0.01 0.06 0.27 0.11 0.06 0.27 0.09 0.00 0.13 0.02 
1,2,3-Trimethylbenzene 0.19 1.66 0.94 0.09 1.12 1.74 0.19 1.55 4.24 0.19 1.55 4.63 0.28 0.89 1.34 
1,2,4-TMB+t-Butylbenzene 0.05 0.57 0.30 0.05 0.37 0.52 0.11 0.50 1.45 0.11 0.50 1.32 0.00 0.32 0.42 
1,3,5-Trimethylbenzene 0.09 1.04 0.60 0.09 0.65 0.90 0.09 0.89 3.48 0.09 0.89 2.96 0.19 0.54 0.81 
2-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Propylbenzene 0.02 0.06 0.05 0.00 0.04 0.04 0.02 0.08 0.42 0.02 0.08 0.23 0.02 0.05 0.07 
Propylbenzene 0.10 0.33 0.19 0.05 0.22 0.30 0.10 0.36 1.83 0.10 0.36 1.21 0.15 0.20 0.32 
1,2,3,5-Tetramethylbenzene 0.23 1.96 1.11 0.15 1.68 2.69 0.15 1.16 2.34 0.15 1.15 2.87 0.38 1.09 1.69 
1,2,4,5-Tetramethylbenzene 0.05 0.38 0.20 0.02 0.31 0.48 0.05 0.24 0.48 0.05 0.24 0.56 0.07 0.20 0.31 
1,3-Diethylbenzene 0.06 0.30 0.22 0.00 0.20 0.28 0.06 0.27 1.01 0.06 0.27 0.94 0.06 0.14 0.20 
 122
1,4-Diethylbenzene 0.24 1.50 0.87 0.06 0.99 1.53 0.18 1.30 3.80 0.18 1.29 4.08 0.24 0.73 0.98 
Butylbenzene 0.10 0.46 0.29 0.05 0.29 0.47 0.10 0.41 1.45 0.10 0.41 1.41 0.05 0.22 0.29 
Diethylbenzene 0.17 0.98 0.57 0.05 0.76 1.14 0.11 0.85 1.98 0.11 0.85 2.40 0.11 0.37 0.58 
Diethylbenzene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Isopropyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Propyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Butane 0.45 0.52 0.44 0.16 0.42 0.24 0.55 0.56 0.73 0.55 0.56 0.25 0.35 0.66 0.59 
iso-Pentane 1.62 1.72 1.01 0.63 2.05 0.68 1.64 1.87 1.85 1.63 1.86 0.85 1.89 1.66 1.93 
2,2-Dimethylbutane 0.10 0.14 0.08 0.06 0.13 0.06 0.13 0.14 0.15 0.13 0.14 0.05 0.13 0.10 0.11 
2,3-Dimethylbutane 0.08 0.19 0.12 0.07 0.17 0.09 0.17 0.19 0.22 0.17 0.19 0.07 0.13 0.13 0.14 
2-Methylpentane 0.53 1.44 0.85 0.48 1.30 0.74 1.13 1.32 1.29 1.13 1.31 0.53 0.35 0.48 0.44 
3-Methylpentane 0.47 0.72 0.70 0.43 1.12 0.88 0.95 1.78 2.25 0.95 1.77 0.69 0.16 1.58 0.33 
2,3-Dimethylpentane 0.14 0.25 0.16 0.07 0.22 0.11 0.19 0.23 0.28 0.19 0.23 0.17 0.23 0.22 0.23 
2,4-Dimethylpentane 0.10 0.23 0.30 0.04 0.15 0.11 0.14 0.27 0.18 0.14 0.27 0.09 0.14 0.25 0.18 
2-Methylhexane 0.11 0.23 0.13 0.05 0.18 0.09 0.14 0.20 0.19 0.14 0.20 0.11 0.17 0.18 0.19 
3-Methylhexane 0.18 0.36 0.21 0.06 0.28 0.15 0.22 0.31 0.33 0.22 0.31 0.20 0.31 0.31 0.35 
2,2,4-Trimethylpentane 0.24 0.38 0.26 0.12 0.34 0.15 0.35 0.36 0.47 0.35 0.36 0.13 0.48 0.39 0.49 
2,3,4-Trimethylpentane 0.06 0.10 0.05 0.02 0.09 0.04 0.08 0.10 0.10 0.08 0.10 0.04 0.09 0.10 0.09 
2-Methylheptane 0.06 0.12 0.06 0.02 0.10 0.09 0.06 0.11 0.23 0.06 0.11 0.22 0.07 0.08 0.11 
3-Methylheptane 0.06 0.16 0.10 0.03 0.09 0.09 0.07 0.14 0.29 0.07 0.14 0.28 0.06 0.14 0.21 
4-Methylheptane 0.03 0.39 0.13 0.00 0.12 0.18 0.03 0.38 0.33 0.03 0.38 0.23 0.04 0.51 0.16 
2,2,5-Trimethylhexane 0.05 0.10 0.97 0.02 0.21 0.12 0.06 0.15 0.26 0.06 0.15 0.35 0.16 0.73 0.76 
2,3-Dimethylhexane 0.01 0.21 0.01 0.00 0.04 0.07 0.01 0.02 0.18 0.01 0.02 0.03 0.02 0.33 0.10 
3-Methyloctane 0.07 0.14 0.01 0.07 0.12 0.16 0.07 0.16 1.19 0.07 0.16 0.55 0.04 0.08 0.37 
Cyclopentane 0.07 0.06 0.06 0.03 0.06 0.04 0.09 0.10 0.10 0.09 0.10 0.04 0.13 0.13 0.13 
Cyclopentene 0.00 0.09 0.02 0.00 0.07 0.03 0.00 0.14 0.82 0.00 0.14 0.68 0.00 0.10 0.05 
Cyclopentene2 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Cyclohexane 0.12 0.29 0.19 0.04 0.31 0.14 0.11 0.48 0.29 0.11 0.48 0.31 0.12 0.66 0.32 
Cyclohexene 0.00 0.61 0.25 0.00 0.48 0.19 0.00 0.56 0.33 0.00 0.55 0.48 0.00 1.61 0.25 
Methylcyclopentane 0.30 1.16 2.96 0.11 0.66 0.59 0.32 1.84 0.77 0.32 1.84 0.54 0.39 1.41 0.56 
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1,3-Dimethylcyclopentane 
(cis) 0.06 0.08 0.05 0.01 0.06 0.02 0.07 0.07 0.07 0.07 0.07 0.05 0.09 0.07 0.07 
Methylcyclohexane 0.22 0.34 0.19 0.07 0.23 0.12 0.18 0.33 0.52 0.17 0.33 0.76 0.19 0.21 0.32 
Indan 0.05 0.20 0.14 0.03 0.14 0.22 0.05 0.19 0.60 0.05 0.19 0.62 0.05 0.12 0.17 
iso-Propylcyclohexane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.16 0.00 0.03 0.08 0.13 0.26 1.13 
1-Methylindan 0.10 0.32 0.19 0.05 0.29 0.52 0.05 0.22 0.57 0.05 0.22 0.73 0.05 0.16 0.29 
2-Methylindan 0.08 0.21 0.14 0.03 0.19 0.33 0.03 0.18 0.38 0.03 0.18 0.51 0.03 0.13 0.20 
Limonene 0.34 14.83 4.56 0.30 10.52 0.24 0.23 12.20 1.45 0.23 12.16 3.92 1.73 10.87 1.91 
Methyl-t-butylether 3.34 5.55 3.24 1.65 4.92 1.55 4.32 5.32 6.28 4.31 5.30 2.40 3.39 2.47 2.71 
                
Alkanes 3.69 8.00 15.10 1.50 5.69 5.21 4.13 8.98 14.57 4.12 8.95 8.54 2.97 7.76 8.48 
Alkenes 6.31 128.35 84.19 3.44 149.63 76.19 7.53 96.36 312.87 7.50 96.00 288.50 4.04 109.50 86.67 
Alkynes 0.50 0.91 0.47 0.22 0.79 0.37 0.68 1.29 10.81 0.68 1.28 8.04 0.31 0.00 0.63 
Aromatic 4.52 25.73 14.88 2.40 16.40 25.39 5.44 23.25 48.98 5.42 23.16 49.13 4.64 16.68 29.34 
Branched Alkanes 4.37 7.40 5.59 2.35 7.11 4.05 5.98 8.29 10.51 5.96 8.26 4.85 4.81 7.92 6.80 
Cyclo- 1.33 18.21 8.75 0.66 13.01 2.46 1.13 16.36 6.06 1.13 16.30 8.71 2.90 15.75 5.38 
Ether 3.34 5.55 3.24 1.65 4.92 1.55 4.32 5.32 6.28 4.31 5.30 2.40 3.39 2.47 2.71 
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Appendix C.3: Grocery Truck Carbonyl Data (mg/mi) 
 
 
Compound Name  ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX
Tnl Bkg 1.77 2.88 2.95 2.94 1.95 
Tnl Bkg Uny 0.23 0.36 0.39 0.39 0.25 
Unc 0.44 0.18 55.24 48.10 0.00 
Formaldehyde 
Unc Uny 0.11 0.08 6.22 5.42 0.08 
Tnl Bkg 1.31 2.16 2.78 2.77 2.24 
Tnl Bkg Uny 0.22 0.35 0.45 0.45 0.35 
Unc 0.14 0.04 19.46 14.82 0.00 
Acetaldehyde 
Unc Uny 0.11 0.10 2.64 2.02 0.10 
Tnl Bkg 2.95 5.62 10.85 10.81 11.25 
Tnl Bkg Uny 2.04 3.03 4.63 4.61 2.83 
Unc 0.00 0.00 2.83 1.51 0.00 
Acetone 
Unc Uny 2.05 2.05 4.24 4.16 2.04 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.09 0.14 0.19 0.19 0.09 
Unc 0.00 0.00 0.00 0.00 0.00 
Acrolein 
Unc Uny 0.10 0.10 0.20 0.20 0.10 
Tnl Bkg 0.27 0.46 0.43 0.43 0.00 
Tnl Bkg Uny 0.13 0.20 0.24 0.24 0.08 
Unc 0.00 0.00 3.21 2.51 0.00 
Propanal 
Unc Uny 0.08 0.08 1.08 0.86 0.08 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.11 0.16 0.22 0.22 0.11 
Unc 0.00 0.00 0.00 0.00 0.00 
Crotonaldehyde 
Unc Uny 0.12 0.12 0.23 0.23 0.12 
Methyl Ethyl Ketone Tnl Bkg 0.00 0.00 0.00 0.00 0.18 
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Tnl Bkg Uny 0.14 0.20 0.27 0.27 0.14 
Unc 0.00 0.00 0.00 0.00 0.00 
 
Unc Uny 0.14 0.14 0.28 0.28 0.14 
Tnl Bkg 0.00 0.00 0.00 0.00 0.20 
Tnl Bkg Uny 0.11 0.16 0.22 0.22 0.12 
Unc 0.00 0.00 0.00 0.00 0.00 
Methacrolein 
Unc Uny 0.12 0.12 0.23 0.23 0.12 
Tnl Bkg 0.00 0.27 0.00 0.00 0.00 
Tnl Bkg Uny 0.07 0.12 0.14 0.14 0.07 
Unc 0.00 0.00 0.22 0.00 0.00 
Butanal 
Unc Uny 0.07 0.07 0.16 0.14 0.07 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.15 0.25 0.34 0.34 0.15 
Unc 0.00 0.00 0.00 0.00 0.00 
Benzaldehyde 
Unc Uny 0.15 0.15 0.31 0.31 0.15 
Tnl Bkg 0.27 0.25 0.52 0.52 0.57 
Tnl Bkg Uny 0.13 0.19 0.27 0.26 0.16 
Unc 0.00 0.00 5.37 4.48 0.00 
Glyoxal 
Unc Uny 0.13 0.13 0.84 0.72 0.13 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.13 0.19 0.25 0.25 0.13 
Unc 0.16 0.00 1.64 0.69 0.00 
Valeraldehyde 
Unc Uny 0.14 0.13 0.46 0.36 0.13 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.16 0.23 0.32 0.32 0.16 
Unc 0.00 0.00 0.48 0.43 0.00 
Tolualdehyde 
Unc Uny 0.17 0.17 0.34 0.35 0.17 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.14 0.21 0.29 0.28 0.14 
Hexanal 
Unc 0.00 0.00 0.00 0.00 0.00 
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 Unc Uny 0.15 0.15 0.30 0.30 0.15 
       
Tnl Bkg 6.57 11.64 17.54 17.47 16.39 
Tnl Bkg Uny 3.85 5.78 8.22 8.19 4.77 
Unc 0.73 0.22 88.45 72.55 0.00 Total 
Unc Uny 3.63 3.58 17.52 15.58 3.57 
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Appendix C.4: Grocery Truck Carbonyl OFP Data (mgoz/mi) 
 
 
Compound Name  ECD1+CRT ECD+CRT ECD1+NONE CARB+NONE ECD1+DPX
Tnl Bkg 15.86 25.78 26.45 26.36 17.50 
Tnl Bkg Uny 2.05 3.26 3.50 3.49 2.27 
Unc 3.92 1.60 494.97 431.00 0.00 
Formaldehyde 
Unc Uny 0.97 0.75 55.75 48.57 0.70 
Tnl Bkg 8.97 14.78 18.99 18.92 15.30 
Tnl Bkg Uny 1.50 2.39 3.10 3.09 2.36 
Unc 0.94 0.26 132.93 101.24 0.00 
Acetaldehyde 
Unc Uny 0.74 0.71 18.02 13.80 0.70 
Tnl Bkg 1.27 2.42 4.67 4.65 4.84 
Tnl Bkg Uny 0.88 1.30 1.99 1.98 1.22 
Unc 0.00 0.00 1.22 0.65 0.00 
Acetone 
Unc Uny 0.88 0.88 1.82 1.79 0.88 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.71 1.03 1.42 1.41 0.71 
Unc 0.00 0.00 0.00 0.00 0.00 
Acrolein 
Unc Uny 0.74 0.74 1.49 1.49 0.74 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.00 0.00 0.00 0.00 0.00 
Unc 0.00 0.00 0.00 0.00 0.00 
Propanal 
Unc Uny 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 1.10 1.59 2.20 2.19 1.09 
Unc 0.00 0.00 0.00 0.00 0.00 
Crotonaldehyde 
Unc Uny 1.15 1.15 2.30 2.30 1.15 
Methyl Ethyl Ketone Tnl Bkg 0.00 0.00 0.00 0.00 0.27 
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Tnl Bkg Uny 0.20 0.29 0.40 0.40 0.21 
Unc 0.00 0.00 0.00 0.00 0.00 
 
Unc Uny 0.21 0.21 0.41 0.41 0.21 
Tnl Bkg 0.00 0.00 0.00 0.00 1.26 
Tnl Bkg Uny 0.68 0.99 1.37 1.36 0.73 
Unc 0.00 0.00 0.00 0.00 0.00 
Methacrolein 
Unc Uny 0.72 0.71 1.43 1.43 0.71 
Tnl Bkg 0.00 1.78 0.00 0.00 0.00 
Tnl Bkg Uny 0.46 0.78 0.91 0.91 0.45 
Unc 0.00 0.00 1.46 0.00 0.00 
Butanal 
Unc Uny 0.48 0.48 1.04 0.96 0.48 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny -0.09 -0.15 -0.21 -0.21 -0.09 
Unc 0.00 0.00 0.00 0.00 0.00 
Benzaldehyde 
Unc Uny -0.09 -0.09 -0.19 -0.19 -0.09 
Tnl Bkg 3.87 3.54 7.39 7.36 8.11 
Tnl Bkg Uny 1.90 2.65 3.78 3.77 2.29 
Unc 0.00 0.00 76.31 63.70 0.00 
Glyoxal 
Unc Uny 1.84 1.83 11.90 10.29 1.80 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.73 1.07 1.45 1.44 0.72 
Unc 0.91 0.00 9.38 3.94 0.00 
Valeraldehyde 
Unc Uny 0.81 0.76 2.61 2.06 0.76 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny -0.09 -0.12 -0.17 -0.17 -0.09 
Unc 0.00 0.00 -0.26 -0.23 0.00 
Tolualdehyde 
Unc Uny -0.09 -0.09 -0.18 -0.19 -0.09 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.70 1.02 1.41 1.40 0.70 
Hexanal 
Unc 0.00 0.00 0.00 0.00 0.00 
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 Unc Uny 0.74 0.74 1.47 1.47 0.73 
       
Tnl Bkg 29.96 48.30 57.50 57.29 47.28 
Tnl Bkg Uny 10.73 16.10 21.15 21.07 12.59 
Unc 5.77 1.86 716.01 600.30 0.00 Total 
Unc Uny 9.09 8.76 97.87 84.20 8.67 
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Appendix D: Transit Bus Data 
 
 
Appendix D.1: Transit Bus VOC Data (mg/mi) 
 
 
ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE Compound Name 
Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.22 0.64 0.10 0.25 0.21 0.11 0.25 0.21 0.15 0.23 0.27 0.16 0.87 20.70 349.23 0.87 54.71 275.18
Propane 0.29 0.35 0.35 0.26 0.35 0.28 0.26 0.35 0.34 0.27 0.74 0.29 0.81 10.56 224.24 1.63 30.75 184.32
n-Butane 0.08 0.10 0.04 0.10 0.11 0.07 0.10 0.11 0.11 0.13 0.27 0.09 0.20 1.60 30.73 0.42 4.68 25.01
n-Pentane 0.10 1.00 0.13 0.10 0.43 0.08 0.10 0.42 0.15 0.19 0.67 0.36 0.19 1.08 6.83 0.74 1.61 6.68 
n-Hexane 0.02 9.15 0.14 0.02 0.89 0.19 0.02 0.88 0.11 0.03 0.40 0.16 0.04 0.70 1.44 0.12 0.80 1.17 
n-Heptane 0.02 0.28 0.04 0.02 0.05 0.04 0.02 0.05 0.08 0.02 0.07 0.07 0.04 0.12 0.39 0.09 0.20 0.32 
n-Octane 0.01 0.25 0.13 0.01 0.09 0.08 0.01 0.09 0.33 0.02 0.07 0.14 0.06 0.10 0.17 0.05 0.14 0.13 
n-Nonane 0.02 0.09 0.06 0.03 0.19 0.25 0.03 0.19 1.47 0.02 0.15 0.46 0.14 0.16 0.14 0.09 0.15 0.14 
n-Decane 0.03 0.44 0.33 0.04 0.56 0.54 0.04 0.56 2.09 0.03 0.51 1.29 0.21 0.63 0.57 0.12 0.57 0.47 
n-Undecane 0.04 0.36 0.43 0.05 0.66 0.49 0.05 0.65 2.04 0.05 0.73 1.92 0.27 0.76 0.68 0.07 0.81 0.59 
n-Dodecane 0.00 0.03 0.08 0.01 0.09 0.07 0.01 0.09 0.23 0.02 0.17 0.32 0.05 0.16 0.10 0.02 0.12 0.09 
Ethene 0.08 0.24 0.18 0.10 1.00 0.27 0.10 0.99 6.18 0.13 1.14 5.73 0.52 3.43 366.56 0.48 56.56 316.59
Propene 0.03 0.15 0.34 0.03 0.47 0.37 0.03 0.47 6.11 0.04 0.51 5.42 0.11 5.15 89.23 0.13 14.10 88.32
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 
1,3-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.02 0.00 
1-Butene + iso-Butene 0.00 3.68 1.05 0.00 4.20 1.19 0.00 4.17 1.98 0.00 12.58 5.36 0.00 19.45 8.12 0.00 17.90 7.53 
trans-2-Butene 0.00 0.01 0.03 0.00 0.01 0.02 0.00 0.01 0.16 0.00 0.02 0.21 0.00 0.07 1.08 0.01 0.25 1.13 
1-Pentene 0.00 0.05 0.08 0.00 0.06 0.07 0.00 0.06 0.70 0.01 0.10 0.47 0.01 0.13 0.69 0.03 0.13 0.37 
2-methyl-1-Butene 0.00 0.03 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.02 0.05 0.01 0.45 0.07 
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2-methyl-2-Butene 0.00 0.23 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.24 0.02 0.01 0.01 
cis-2-Butene 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.07 0.00 0.02 0.09 0.00 0.04 0.51 0.01 0.15 0.53 
cis-2-Pentene 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.02 0.00 0.00 0.05 0.01 0.02 0.04 
Isoprene 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.09 0.00 0.00 
trans-2-Pentene 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.06 0.00 0.01 0.07 0.00 0.01 0.12 0.01 0.04 0.12 
1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 0.77 0.03 0.00 0.03 0.02 0.00 0.03 0.23 0.00 0.03 0.15 0.00 0.05 0.24 0.00 0.06 0.07 
2-methyl-2-pentene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.03 0.00 0.01 0.01 
3-methyl-2-Pentene 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.01 
cis-2-Hexene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
cis-3-methyl-2-Pentene 0.00 0.07 0.01 0.00 0.03 0.04 0.00 0.03 0.02 0.00 0.00 0.11 0.00 0.06 0.01 0.00 0.03 0.02 
trans-2-Hexene 0.00 0.18 0.19 0.00 0.06 0.16 0.00 0.06 0.00 0.00 0.00 0.81 0.00 0.00 0.01 0.00 0.29 0.01 
1-Heptene 0.00 0.09 0.02 0.01 0.03 0.02 0.01 0.03 0.10 0.00 0.03 0.12 0.01 0.05 0.31 0.02 0.07 0.21 
2,3-dimethyl-2-Pentene 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.02 0.00 
a-Pinene 0.04 0.13 0.00 0.03 0.05 0.00 0.03 0.04 0.00 0.04 0.02 0.00 0.07 0.04 0.00 0.30 0.07 0.00 
b-Pinene 0.01 0.02 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.04 0.00 
Acetylene 0.10 0.10 0.14 0.13 0.32 0.15 0.13 0.32 2.53 0.12 0.62 6.38 0.15 1.64 25.01 0.40 3.79 21.33
Propyne 0.00 0.01 0.02 0.00 0.03 0.02 0.00 0.03 0.38 0.01 0.05 0.53 0.00 0.09 1.20 0.01 0.16 0.86 
Benzene 0.04 0.14 0.21 0.05 0.29 0.20 0.05 0.29 1.44 0.04 0.61 3.60 0.03 0.67 2.74 0.11 0.86 1.71 
Toluene 0.07 1.30 1.15 0.08 1.11 1.52 0.08 1.11 1.85 0.06 1.02 2.93 0.09 2.27 5.01 0.35 3.23 3.46 
Ethylbenzene 0.01 0.09 0.06 0.02 0.08 0.07 0.01 0.08 0.21 0.02 0.09 0.20 0.04 0.15 0.22 0.15 0.20 0.19 
m/p-Xylene 0.02 0.17 0.10 0.03 0.16 0.13 0.03 0.16 0.41 0.03 0.17 0.37 0.09 0.29 0.43 0.25 0.38 0.37 
o-Xylene 0.01 0.05 0.03 0.01 0.05 0.04 0.01 0.05 0.15 0.01 0.05 0.11 0.03 0.08 0.10 0.06 0.10 0.09 
Styrene 0.01 0.07 0.00 0.00 0.04 0.00 0.00 0.04 0.02 0.00 0.07 0.01 0.01 0.12 0.11 0.03 0.12 0.07 
1,2,3-Trimethylbenzene 0.01 0.08 0.06 0.01 0.09 0.06 0.01 0.09 0.22 0.01 0.13 0.27 0.04 0.14 0.10 0.02 0.12 0.09 
1,2,4-TMB+t-Butylbenzene 0.00 0.04 0.03 0.00 0.05 0.03 0.00 0.05 0.12 0.00 0.05 0.11 0.00 0.07 0.05 0.00 0.07 0.05 
1,3,5-Trimethylbenzene 0.00 0.04 0.03 0.01 0.06 0.03 0.01 0.06 0.16 0.01 0.05 0.13 0.03 0.07 0.05 0.01 0.06 0.04 
2-Ethyltoluene 0.01 0.04 0.03 0.01 0.06 0.03 0.01 0.05 0.17 0.01 0.05 0.12 0.02 0.06 0.06 0.02 0.06 0.06 
3-Ethyltoluene 0.01 0.03 0.02 0.01 0.05 0.03 0.01 0.05 0.16 0.01 0.04 0.10 0.03 0.05 0.05 0.03 0.06 0.04 
4-Ethyltoluene 0.01 0.03 0.02 0.01 0.04 0.02 0.01 0.04 0.13 0.01 0.04 0.09 0.02 0.05 0.04 0.03 0.04 0.04 
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iso-Propylbenzene 0.00 0.01 0.01 0.00 0.02 0.02 0.00 0.02 0.09 0.01 0.02 0.04 0.01 0.03 0.03 0.01 0.03 0.02 
Propylbenzene 0.01 0.02 0.02 0.01 0.04 0.02 0.01 0.04 0.15 0.01 0.04 0.09 0.02 0.04 0.04 0.02 0.04 0.03 
1,2,3,5-Tetramethylbenzene 0.07 0.12 0.14 0.03 0.13 0.12 0.03 0.12 0.20 0.02 0.20 0.37 0.08 0.25 0.22 0.01 0.24 0.19 
1,2,4,5-Tetramethylbenzene 0.04 0.08 0.09 0.01 0.08 0.08 0.01 0.08 0.11 0.01 0.12 0.22 0.05 0.16 0.13 0.01 0.15 0.11 
1,3-Diethylbenzene 0.01 0.04 0.05 0.00 0.03 0.02 0.00 0.03 0.08 0.00 0.03 0.07 0.01 0.04 0.03 0.01 0.03 0.05 
1,4-Diethylbenzene 0.03 0.10 0.09 0.01 0.14 0.08 0.01 0.13 0.33 0.01 0.17 0.36 0.06 0.20 0.14 0.02 0.17 0.12 
Butylbenzene 0.00 0.03 0.02 0.00 0.04 0.03 0.00 0.04 0.14 0.01 0.06 0.13 0.02 0.06 0.05 0.00 0.06 0.06 
Diethylbenzene 0.02 0.07 0.06 0.01 0.07 0.06 0.01 0.07 0.17 0.01 0.11 0.21 0.03 0.11 0.08 0.01 0.10 0.09 
Diethylbenzene2 0.02 0.09 0.09 0.01 0.10 0.07 0.01 0.10 0.22 0.01 0.14 0.27 0.05 0.16 0.12 0.02 0.15 0.11 
Isopropyltoluene 0.04 0.13 0.13 0.02 0.13 0.11 0.02 0.13 0.25 0.01 0.17 0.35 0.05 0.22 0.17 0.02 0.21 0.16 
Propyltoluene 0.00 0.05 0.04 0.01 0.07 0.03 0.01 0.07 0.19 0.01 0.08 0.19 0.03 0.09 0.06 0.01 0.07 0.05 
iso-Butane 0.04 0.34 0.04 0.06 0.07 0.04 0.05 0.07 0.05 0.05 0.12 0.04 0.07 0.92 16.88 0.28 2.84 14.38
iso-Pentane 0.13 0.30 0.08 0.15 0.18 0.08 0.15 0.18 0.31 0.21 0.61 0.22 0.23 0.97 7.93 0.89 2.33 7.84 
2,2-Dimethylbutane 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.05 0.19 0.07 0.10 0.18 
2,3-Dimethylbutane 0.01 0.27 0.01 0.02 0.03 0.01 0.02 0.03 0.03 0.02 0.05 0.02 0.02 0.07 0.26 0.07 0.14 0.28 
2-Methylpentane 0.02 0.54 0.04 0.03 0.08 0.03 0.03 0.08 0.05 0.03 0.13 0.05 0.04 0.17 0.73 0.15 0.37 0.79 
3-Methylpentane 0.01 3.72 0.06 0.01 0.37 0.08 0.01 0.37 0.05 0.02 0.18 0.07 0.02 0.29 0.59 0.06 0.34 0.49 
2,3-Dimethylpentane 0.02 0.06 0.00 0.02 0.02 0.01 0.02 0.02 0.06 0.02 0.04 0.02 0.03 0.06 0.13 0.09 0.14 0.12 
2,4-Dimethylpentane 0.00 0.31 0.00 0.01 0.03 0.01 0.01 0.03 0.04 0.01 0.04 0.02 0.01 0.06 0.14 0.06 0.11 0.13 
2-Methylhexane 0.02 0.18 0.01 0.02 0.03 0.02 0.02 0.03 0.05 0.02 0.06 0.02 0.03 0.08 0.25 0.08 0.16 0.22 
3-Methylhexane 0.02 0.27 0.03 0.03 0.04 0.03 0.03 0.04 0.07 0.02 0.07 0.04 0.03 0.11 0.35 0.10 0.24 0.29 
2,2,4-Trimethylpentane 0.03 0.03 0.03 0.04 0.03 0.02 0.04 0.03 0.11 0.04 0.10 0.04 0.04 0.11 0.18 0.21 0.27 0.13 
2,3,4-Trimethylpentane 0.01 0.08 0.00 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.01 0.01 0.02 0.02 0.03 0.06 0.03 
2-Methylheptane 0.01 0.06 0.01 0.01 0.02 0.02 0.01 0.02 0.08 0.01 0.02 0.03 0.03 0.04 0.10 0.05 0.08 0.07 
3-Methylheptane 0.01 0.14 0.00 0.01 0.02 0.03 0.01 0.02 0.06 0.01 0.03 0.05 0.01 0.06 0.11 0.03 0.10 0.07 
4-Methylheptane 0.00 1.19 0.03 0.00 0.10 0.04 0.00 0.10 0.05 0.01 0.07 0.06 0.01 0.12 0.07 0.01 0.10 0.07 
2,2,5-Trimethylhexane 0.04 0.82 0.11 0.01 0.25 0.08 0.01 0.25 0.36 0.01 0.24 0.50 0.01 0.34 0.41 0.06 0.39 0.34 
2,3-Dimethylhexane 0.00 0.38 0.02 0.00 0.07 0.03 0.00 0.07 0.03 0.01 0.05 0.04 0.01 0.08 0.05 0.00 0.07 0.05 
3-Methyloctane 0.00 0.07 0.07 0.00 0.07 0.13 0.00 0.07 0.47 0.01 0.09 0.35 0.02 0.01 0.02 0.05 0.13 0.03 
Cyclopentane 0.01 0.03 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.04 0.36 0.04 0.11 0.40 
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Cyclopentene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.05 0.00 0.01 0.13 0.00 0.04 0.12 
Cyclopentene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cyclohexane 0.01 0.34 0.26 0.01 0.68 0.13 0.01 0.68 0.24 0.01 1.16 0.43 0.02 2.12 0.92 0.05 0.96 0.88 
Cyclohexene 0.00 0.05 0.02 0.00 0.04 0.02 0.00 0.04 0.02 0.00 0.37 0.12 0.00 1.01 0.04 0.00 0.67 0.03 
Methylcyclopentane 0.02 2.45 0.05 0.02 0.23 0.06 0.02 0.23 0.07 0.02 0.14 0.06 0.03 0.23 0.64 0.10 0.35 0.70 
1,3-Dimethylcyclopentane 
(cis) 0.00 0.04 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.12 0.02 0.05 0.13 
Methylcyclohexane 0.01 0.07 0.02 0.01 0.06 0.07 0.01 0.06 0.17 0.02 0.06 0.09 0.05 0.08 0.50 0.07 0.18 0.42 
Indan 0.01 0.03 0.03 0.00 0.04 0.03 0.00 0.04 0.10 0.01 0.05 0.10 0.01 0.06 0.06 0.01 0.06 0.05 
iso-Propylcyclohexane 0.02 0.03 0.02 0.04 0.19 0.25 0.04 0.19 1.45 0.02 0.15 0.45 0.13 0.16 0.15 0.09 0.16 0.14 
1-Methylindan 0.02 0.06 0.08 0.01 0.07 0.07 0.01 0.07 0.14 0.01 0.11 0.21 0.03 0.13 0.12 0.01 0.11 0.11 
2-Methylindan 0.01 0.04 0.05 0.01 0.04 0.04 0.01 0.04 0.08 0.01 0.07 0.12 0.01 0.08 0.07 0.01 0.09 0.07 
Limonene 0.12 2.01 0.01 0.09 1.15 0.01 0.09 1.15 0.00 0.13 1.79 0.05 0.39 4.71 1.80 0.43 5.77 1.23 
Methyl-t-butylether 0.00 0.24 0.09 0.00 0.09 0.07 0.00 0.09 0.23 0.15 0.43 0.11 0.16 0.35 0.54 0.52 0.81 0.26 
                   
Alkanes 0.83 12.70 1.82 0.91 3.62 2.20 0.90 3.60 7.10 1.03 4.03 5.27 2.87 36.57 614.52 4.23 94.54 494.10
Alkenes 0.19 5.72 1.96 0.20 6.01 2.21 0.20 5.97 15.66 0.26 14.51 18.61 0.76 28.56 467.27 1.24 90.24 415.05
Alkynes 0.10 0.12 0.16 0.13 0.35 0.17 0.13 0.35 2.91 0.13 0.67 6.91 0.15 1.73 26.21 0.42 3.95 22.18
Aromatic 0.42 2.82 2.49 0.32 2.91 2.80 0.31 2.89 6.97 0.30 3.50 10.33 0.81 5.37 10.04 1.19 6.55 7.20 
Branched Alkanes 0.38 8.78 0.57 0.44 1.45 0.67 0.44 1.44 1.93 0.53 1.96 1.59 0.62 3.56 28.42 2.28 7.96 25.53
Cyclo- 0.23 5.16 0.55 0.20 2.52 0.68 0.20 2.51 2.35 0.23 3.95 1.70 0.68 8.65 4.90 0.84 8.56 4.27 
Ether 0.00 0.24 0.09 0.00 0.09 0.07 0.00 0.09 0.23 0.15 0.43 0.11 0.16 0.35 0.54 0.52 0.81 0.26 
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Appendix D.2: Transit Bus VOC OFP Data (mgoz/mi) 
 
 
ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE Compound Name 
Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc Amb Tnl Unc 
Ethane 0.07 0.20 0.03 0.08 0.07 0.03 0.08 0.07 0.05 0.07 0.08 0.05 0.27 6.42 108.26 0.27 16.96 85.30 
Propane 0.16 0.20 0.20 0.15 0.20 0.16 0.15 0.20 0.19 0.15 0.41 0.16 0.45 5.91 125.57 0.91 17.22 103.22
n-Butane 0.10 0.13 0.05 0.13 0.14 0.10 0.13 0.14 0.15 0.18 0.35 0.12 0.26 2.11 40.57 0.55 6.18 33.02 
n-Pentane 0.15 1.53 0.20 0.16 0.65 0.12 0.16 0.65 0.23 0.30 1.02 0.56 0.29 1.65 10.45 1.13 2.46 10.23 
n-Hexane 0.03 13.09 0.19 0.03 1.27 0.26 0.03 1.26 0.16 0.04 0.58 0.23 0.06 1.00 2.06 0.18 1.14 1.67 
n-Heptane 0.03 0.36 0.05 0.03 0.06 0.05 0.03 0.06 0.10 0.03 0.08 0.08 0.04 0.15 0.49 0.11 0.26 0.40 
n-Octane 0.01 0.28 0.14 0.01 0.10 0.09 0.01 0.10 0.36 0.02 0.07 0.16 0.06 0.11 0.18 0.05 0.15 0.14 
n-Nonane 0.02 0.08 0.05 0.03 0.18 0.23 0.03 0.18 1.37 0.02 0.14 0.42 0.13 0.15 0.13 0.09 0.14 0.13 
n-Decane 0.02 0.36 0.26 0.03 0.46 0.43 0.03 0.45 1.69 0.03 0.41 1.04 0.17 0.51 0.46 0.10 0.46 0.38 
n-Undecane 0.03 0.26 0.31 0.04 0.47 0.35 0.04 0.47 1.47 0.04 0.52 1.38 0.20 0.55 0.49 0.05 0.59 0.43 
n-Dodecane 0.00 0.02 0.05 0.01 0.06 0.04 0.01 0.06 0.15 0.02 0.11 0.21 0.03 0.10 0.06 0.02 0.08 0.06 
Ethene 0.75 2.21 1.67 0.94 9.07 2.48 0.93 9.01 56.04 1.22 10.33 51.93 4.72 31.15 3324.70 4.35 512.992871.43
Propene 0.34 1.77 3.93 0.39 5.48 4.25 0.39 5.45 70.65 0.52 5.91 62.67 1.23 59.64 1032.34 1.48 163.181021.87
1,2-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1,3-Butadiene 0.03 0.04 0.03 0.03 0.00 0.02 0.03 0.00 0.00 0.07 0.07 0.01 0.15 0.08 0.00 0.16 0.24 0.00 
1-Butene + iso-Butene 0.00 30.41 8.70 0.00 34.71 9.86 0.00 34.47 16.41 0.00 104.05 44.31 0.00 160.82 67.12 0.00 148.00 62.23 
trans-2-Butene 0.00 0.08 0.35 0.00 0.15 0.31 0.00 0.15 2.29 0.04 0.31 2.97 0.05 0.96 15.05 0.11 3.52 15.74 
1-Pentene 0.00 0.36 0.58 0.03 0.45 0.54 0.03 0.45 5.43 0.05 0.78 3.63 0.08 1.03 5.31 0.23 1.04 2.88 
2-methyl-1-Butene 0.02 0.21 0.00 0.02 0.15 0.01 0.02 0.15 0.03 0.02 0.09 0.09 0.03 0.11 0.31 0.07 2.92 0.48 
2-methyl-2-Butene 0.00 3.30 0.06 0.00 0.11 0.05 0.00 0.11 0.11 0.05 0.07 0.11 0.00 0.14 3.41 0.29 0.18 0.10 
cis-2-Butene 0.08 0.05 0.07 0.00 0.12 0.12 0.00 0.12 0.70 0.03 0.19 0.97 0.00 0.36 5.18 0.12 1.53 5.45 
cis-2-Pentene 0.03 0.10 0.04 0.00 0.05 0.02 0.00 0.05 0.19 0.00 0.07 0.22 0.00 0.05 0.50 0.05 0.21 0.45 
Isoprene 0.00 0.15 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.02 0.94 0.00 0.00 
trans-2-Pentene 0.00 0.17 0.13 0.03 0.05 0.09 0.03 0.05 0.59 0.03 0.13 0.71 0.05 0.13 1.23 0.05 0.41 1.19 
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1,3-Hexadiene (trans) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2-methyl-1-Pentene 0.00 3.98 0.14 0.00 0.15 0.12 0.00 0.15 1.17 0.02 0.14 0.78 0.00 0.24 1.26 0.00 0.33 0.38 
2-methyl-2-pentene 0.00 0.01 0.02 0.00 0.03 0.02 0.00 0.03 0.06 0.00 0.02 0.02 0.07 0.07 0.40 0.00 0.07 0.10 
3-methyl-2-Pentene 0.00 0.08 0.03 0.00 0.03 0.05 0.00 0.03 0.08 0.05 0.08 0.18 0.00 0.11 0.23 0.00 0.12 0.10 
cis-2-Hexene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
cis-3-methyl-2-Pentene 0.00 0.89 0.08 0.00 0.39 0.48 0.00 0.39 0.31 0.00 0.00 1.41 0.00 0.72 0.13 0.00 0.35 0.23 
trans-2-Hexene 0.00 1.48 1.56 0.00 0.53 1.32 0.00 0.53 0.03 0.00 0.02 6.80 0.00 0.02 0.07 0.00 2.39 0.08 
1-Heptene 0.02 0.39 0.09 0.04 0.12 0.07 0.04 0.12 0.41 0.02 0.13 0.51 0.06 0.20 1.32 0.09 0.30 0.88 
2,3-dimethyl-2-Pentene 0.00 0.07 0.02 0.00 0.03 0.08 0.00 0.03 0.00 0.00 0.04 0.00 0.00 0.15 0.00 0.00 0.10 0.00 
a-Pinene 0.16 0.56 0.00 0.14 0.19 0.00 0.14 0.19 0.00 0.19 0.07 0.00 0.29 0.16 0.00 1.27 0.32 0.00 
b-Pinene 0.04 0.07 0.00 0.02 0.02 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.15 0.00 
Acetylene 0.13 0.13 0.17 0.16 0.40 0.18 0.16 0.40 3.14 0.15 0.77 7.92 0.19 2.04 31.02 0.50 4.70 26.45 
Propyne 0.00 0.06 0.07 0.00 0.12 0.07 0.00 0.12 1.56 0.02 0.19 2.16 0.00 0.37 4.92 0.06 0.67 3.51 
Benzene 0.04 0.11 0.17 0.04 0.23 0.16 0.04 0.23 1.17 0.04 0.49 2.91 0.02 0.54 2.22 0.09 0.70 1.38 
Toluene 0.27 5.15 4.55 0.31 4.42 6.03 0.31 4.39 7.36 0.25 4.03 11.61 0.36 9.01 19.90 1.40 12.83 13.72 
Ethylbenzene 0.08 0.47 0.30 0.08 0.40 0.36 0.08 0.40 1.08 0.10 0.47 1.02 0.23 0.75 1.14 0.75 1.05 0.99 
m/p-Xylene 0.18 1.23 0.75 0.22 1.16 0.94 0.22 1.15 3.08 0.26 1.26 2.74 0.67 2.13 3.22 1.88 2.79 2.74 
o-Xylene 0.07 0.35 0.22 0.08 0.38 0.26 0.07 0.37 1.11 0.07 0.39 0.84 0.22 0.59 0.78 0.46 0.77 0.69 
Styrene 0.02 0.13 0.01 0.00 0.08 0.00 0.00 0.08 0.03 0.00 0.13 0.03 0.01 0.24 0.21 0.06 0.24 0.13 
1,2,3-Trimethylbenzene 0.06 0.87 0.72 0.06 1.00 0.66 0.06 1.00 2.44 0.06 1.44 2.99 0.48 1.57 1.14 0.19 1.37 1.04 
1,2,4-TMB+t-Butylbenzene 0.00 0.26 0.19 0.00 0.30 0.20 0.00 0.30 0.78 0.00 0.34 0.71 0.00 0.43 0.34 0.00 0.41 0.35 
1,3,5-Trimethylbenzene 0.00 0.47 0.32 0.06 0.64 0.36 0.06 0.64 1.82 0.06 0.59 1.50 0.28 0.76 0.57 0.10 0.68 0.49 
2-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4-Ethyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Propylbenzene 0.00 0.03 0.02 0.00 0.05 0.04 0.00 0.05 0.20 0.01 0.05 0.10 0.02 0.06 0.06 0.02 0.06 0.04 
Propylbenzene 0.03 0.15 0.10 0.03 0.23 0.14 0.03 0.23 0.91 0.03 0.22 0.52 0.10 0.26 0.24 0.11 0.27 0.21 
1,2,3,5-
Tetramethylbenzene 0.57 1.02 1.19 0.21 1.03 1.00 0.21 1.03 1.63 0.15 1.62 3.05 0.70 2.10 1.79 0.08 1.96 1.57 
1,2,4,5- 0.11 0.19 0.21 0.03 0.19 0.18 0.03 0.19 0.28 0.03 0.29 0.53 0.11 0.39 0.32 0.02 0.35 0.26 
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Tetramethylbenzene 
1,3-Diethylbenzene 0.04 0.25 0.35 0.00 0.19 0.11 0.00 0.19 0.50 0.00 0.20 0.43 0.06 0.24 0.16 0.06 0.19 0.33 
1,4-Diethylbenzene 0.16 0.64 0.61 0.08 0.88 0.53 0.08 0.87 2.12 0.08 1.06 2.34 0.36 1.28 0.93 0.13 1.09 0.75 
Butylbenzene 0.00 0.19 0.11 0.00 0.23 0.16 0.00 0.23 0.75 0.03 0.32 0.73 0.10 0.34 0.28 0.00 0.32 0.32 
Diethylbenzene 0.11 0.41 0.37 0.04 0.42 0.35 0.04 0.42 1.02 0.04 0.64 1.26 0.17 0.67 0.50 0.06 0.60 0.51 
Diethylbenzene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Isopropyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Propyltoluene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
iso-Butane 0.06 0.46 0.05 0.07 0.09 0.05 0.07 0.09 0.07 0.07 0.16 0.06 0.09 1.23 22.62 0.38 3.80 19.27 
iso-Pentane 0.21 0.50 0.14 0.25 0.30 0.14 0.24 0.30 0.52 0.35 1.02 0.37 0.39 1.62 13.24 1.49 3.90 13.09 
2,2-Dimethylbutane 0.02 0.03 0.01 0.02 0.02 0.01 0.02 0.02 0.03 0.02 0.04 0.02 0.03 0.06 0.26 0.09 0.13 0.24 
2,3-Dimethylbutane 0.01 0.31 0.02 0.02 0.04 0.01 0.02 0.04 0.03 0.02 0.06 0.02 0.02 0.08 0.30 0.08 0.16 0.31 
2-Methylpentane 0.04 0.95 0.08 0.05 0.15 0.06 0.05 0.15 0.09 0.06 0.23 0.10 0.06 0.30 1.30 0.27 0.66 1.40 
3-Methylpentane 0.03 7.66 0.12 0.03 0.76 0.17 0.03 0.75 0.11 0.03 0.36 0.15 0.04 0.61 1.22 0.12 0.71 1.02 
2,3-Dimethylpentane 0.03 0.08 0.01 0.04 0.03 0.01 0.04 0.03 0.10 0.04 0.07 0.02 0.04 0.09 0.20 0.14 0.21 0.19 
2,4-Dimethylpentane 0.01 0.51 0.01 0.02 0.06 0.02 0.02 0.06 0.06 0.02 0.07 0.03 0.02 0.09 0.23 0.09 0.18 0.22 
2-Methylhexane 0.03 0.25 0.02 0.03 0.04 0.02 0.03 0.04 0.06 0.02 0.08 0.03 0.04 0.11 0.34 0.11 0.21 0.30 
3-Methylhexane 0.04 0.49 0.05 0.05 0.07 0.05 0.05 0.07 0.13 0.04 0.13 0.08 0.05 0.19 0.65 0.19 0.43 0.54 
2,2,4-Trimethylpentane 0.04 0.05 0.04 0.06 0.04 0.03 0.06 0.04 0.16 0.06 0.14 0.06 0.06 0.16 0.25 0.29 0.38 0.19 
2,3,4-Trimethylpentane 0.01 0.10 0.00 0.01 0.02 0.01 0.01 0.02 0.03 0.01 0.03 0.01 0.01 0.03 0.02 0.04 0.07 0.03 
2-Methylheptane 0.01 0.07 0.01 0.01 0.02 0.02 0.01 0.02 0.09 0.01 0.02 0.04 0.03 0.05 0.12 0.05 0.09 0.09 
3-Methylheptane 0.01 0.19 0.00 0.01 0.03 0.03 0.01 0.03 0.08 0.01 0.04 0.07 0.01 0.09 0.15 0.04 0.13 0.10 
4-Methylheptane 0.00 1.74 0.04 0.00 0.15 0.06 0.00 0.15 0.07 0.01 0.10 0.08 0.01 0.17 0.10 0.01 0.15 0.11 
2,2,5-Trimethylhexane 0.05 1.07 0.15 0.01 0.33 0.11 0.01 0.33 0.47 0.02 0.32 0.65 0.01 0.44 0.54 0.07 0.52 0.44 
2,3-Dimethylhexane 0.00 0.50 0.03 0.00 0.10 0.04 0.00 0.10 0.04 0.01 0.07 0.05 0.01 0.11 0.06 0.00 0.09 0.07 
3-Methyloctane 0.00 0.08 0.08 0.00 0.08 0.15 0.00 0.08 0.54 0.01 0.10 0.40 0.02 0.02 0.02 0.05 0.14 0.04 
Cyclopentane 0.02 0.09 0.02 0.03 0.02 0.01 0.03 0.02 0.03 0.02 0.07 0.02 0.03 0.10 0.95 0.09 0.30 1.07 
Cyclopentene 0.00 0.00 0.02 0.00 0.02 0.02 0.00 0.02 0.31 0.00 0.05 0.36 0.00 0.11 0.92 0.00 0.32 0.90 
Cyclopentene2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cyclohexane 0.01 0.50 0.37 0.02 0.98 0.19 0.02 0.97 0.35 0.02 1.67 0.62 0.03 3.05 1.33 0.08 1.38 1.26 
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Cyclohexene 0.00 0.28 0.09 0.00 0.24 0.10 0.00 0.24 0.11 0.00 2.02 0.63 0.00 5.47 0.20 0.00 3.62 0.16 
Methylcyclopentane 0.04 5.88 0.13 0.06 0.55 0.15 0.06 0.55 0.17 0.06 0.34 0.15 0.07 0.56 1.54 0.25 0.84 1.67 
1,3-Dimethylcyclopentane 
(cis) 0.01 0.09 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.03 0.02 0.01 0.04 0.26 0.05 0.10 0.28 
Methylcyclohexane 0.02 0.14 0.03 0.03 0.11 0.13 0.03 0.11 0.34 0.04 0.12 0.17 0.10 0.16 0.98 0.14 0.36 0.83 
Indan 0.02 0.10 0.09 0.00 0.13 0.09 0.00 0.13 0.33 0.02 0.15 0.31 0.03 0.20 0.18 0.03 0.19 0.15 
iso-Propylcyclohexane 0.03 0.04 0.03 0.04 0.23 0.31 0.04 0.23 1.78 0.03 0.18 0.56 0.16 0.19 0.18 0.11 0.20 0.17 
1-Methylindan 0.05 0.16 0.22 0.02 0.20 0.19 0.02 0.20 0.39 0.02 0.32 0.61 0.08 0.37 0.33 0.03 0.32 0.30 
2-Methylindan 0.04 0.12 0.15 0.02 0.12 0.12 0.02 0.12 0.23 0.02 0.20 0.35 0.03 0.22 0.20 0.03 0.24 0.20 
Limonene 0.48 8.02 0.06 0.36 4.60 0.03 0.36 4.57 0.00 0.50 7.16 0.20 1.57 18.79 7.18 1.73 23.04 4.90 
Methyl-t-butylether 0.00 0.86 0.32 0.00 0.33 0.26 0.00 0.33 0.85 0.55 1.56 0.42 0.58 1.26 1.96 1.87 2.92 0.95 
                                      
Alkanes 0.62 16.49 1.54 0.70 3.64 1.88 0.69 3.62 5.90 0.88 3.78 4.42 1.97 18.67 288.73 3.46 45.63 234.97
Alkenes 1.49 46.3817.52 1.68 51.8419.88 1.67 51.49154.49 2.30 122.49177.32 6.89 256.164458.56 9.64 838.333983.61
Alkynes 0.13 0.19 0.24 0.16 0.52 0.26 0.16 0.52 4.69 0.18 0.96 10.08 0.19 2.40 35.94 0.56 5.37 29.95 
Aromatic 1.75 11.9510.20 1.26 11.8511.51 1.25 11.77 26.28 1.23 13.56 33.32 3.91 21.35 33.81 5.40 25.68 25.53 
Branched Alkanes 0.58 15.03 0.85 0.68 2.32 0.99 0.67 2.30 2.69 0.81 3.05 2.23 0.95 5.44 41.62 3.53 11.97 37.64 
Cyclo- 0.71 15.41 1.21 0.58 7.23 1.34 0.58 7.18 4.07 0.72 12.30 4.00 2.09 29.26 14.26 2.53 30.91 11.89 
Ether 0.00 0.86 0.32 0.00 0.33 0.26 0.00 0.33 0.85 0.55 1.56 0.42 0.58 1.26 1.96 1.87 2.92 0.95 
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Appendix D.3: Transit Bus Carbonyl Data (mg/mi) 
 
 
Compound Name  ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE
Tnl Bkg 1.19 1.43 1.42 2.70 5.22 7.92 
Tnl Bkg Uny 0.22 0.23 0.23 0.38 0.65 0.97 
Unc 0.22 0.21 18.62 26.38 583.38 657.45 
Formaldehyde 
Unc Uny 0.18 0.18 2.13 3.05 65.64 73.98 
Tnl Bkg 1.76 1.44 1.43 2.48 1.97 3.25 
Tnl Bkg Uny 0.33 0.31 0.31 0.44 0.38 0.60 
Unc 0.00 0.20 4.28 10.48 23.13 17.86 
Acetaldehyde 
Unc Uny 0.22 0.23 0.64 1.48 3.16 2.48 
Tnl Bkg 4.74 6.03 5.98 0.00 11.67 74.35 
Tnl Bkg Uny 4.26 4.33 4.30 4.17 5.33 14.74 
Unc 0.00 0.00 2.11 3.36 11.20 15.67 
Acetone 
Unc Uny 4.42 4.49 4.59 4.59 7.20 7.94 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.21 0.20 0.20 0.20 0.23 0.31 
Unc 0.00 0.00 0.32 0.26 0.31 0.00 
Acrolein 
Unc Uny 0.21 0.22 0.24 0.24 0.34 0.33 
Tnl Bkg 0.20 0.37 0.37 0.41 0.29 0.00 
Tnl Bkg Uny 0.20 0.23 0.23 0.24 0.24 0.25 
Unc 0.00 0.00 0.95 0.95 0.98 1.69 
Propanal 
Unc Uny 0.17 0.18 0.37 0.41 0.45 0.63 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.23 0.24 0.23 0.23 0.27 0.36 
Unc 0.00 0.00 0.00 0.24 0.00 0.00 
Crotonaldehyde 
Unc Uny 0.25 0.25 0.25 0.26 0.37 0.38 
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Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.28 0.28 0.28 0.28 0.33 0.44 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Methyl Ethyl Ketone 
Unc Uny 0.30 0.30 0.31 0.31 0.45 0.46 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.23 0.24 0.23 0.23 0.27 0.36 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Methacrolein 
Unc Uny 0.25 0.25 0.25 0.25 0.37 0.38 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.14 0.15 0.15 0.14 0.17 0.22 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Butanal 
Unc Uny 0.15 0.16 0.16 0.16 0.23 0.24 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.31 0.31 0.31 0.31 0.35 0.48 
Unc 0.00 0.00 0.00 0.79 0.36 0.00 
Benzaldehyde 
Unc Uny 0.33 0.33 0.34 0.49 0.55 0.51 
Tnl Bkg 0.33 0.57 0.56 0.56 0.33 0.71 
Tnl Bkg Uny 0.27 0.28 0.28 0.28 0.31 0.44 
Unc 0.00 0.00 1.31 2.91 1.71 0.00 
Glyoxal 
Unc Uny 0.28 0.28 0.36 0.55 0.58 0.43 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.27 0.27 0.27 0.27 0.31 0.42 
Unc 0.00 0.00 0.00 0.24 0.00 0.11 
Valeraldehyde 
Unc Uny 0.29 0.29 0.29 0.31 0.43 0.44 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.33 0.34 0.34 0.33 0.38 0.52 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Tolualdehyde 
Unc Uny 0.36 0.36 0.36 0.37 0.54 0.55 
Tnl Bkg 0.00 0.00 0.00 0.00 0.36 0.00 Hexanal 
Tnl Bkg Uny 0.30 0.31 0.30 0.30 0.35 0.47 
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Unc 0.00 0.00 0.00 0.00 1.55 0.00  
Unc Uny 0.32 0.33 0.33 0.33 0.51 0.49 
        
Tnl Bkg 8.23 9.82 9.75 6.14 19.84 86.23 
Tnl Bkg Uny 7.58 7.72 7.67 7.82 9.55 20.59 
Unc 0.22 0.40 27.58 45.61 622.63 692.78 Total 
Unc Uny 7.72 7.85 10.61 12.80 80.84 89.24 
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Appendix D. 4: Transit Bus Carbonyl OFP Data (mgoz/mi) 
 
 
Compound Name  ECD+CRT ECD1+CRT ECD1+NONE CARB+NONE CNG+NONE CNG+NONE
Tnl Bkg 10.63 12.77 12.69 24.18 46.81 71.00 
Tnl Bkg Uny 2.01 2.09 2.07 3.41 5.81 8.67 
Unc 1.96 1.85 166.85 236.39 5227.12 5890.73 
Formaldehyde 
Unc Uny 1.58 1.60 19.10 27.30 588.16 662.82 
Tnl Bkg 12.04 9.81 9.75 16.94 13.45 22.17 
Tnl Bkg Uny 2.25 2.10 2.08 3.01 2.58 4.10 
Unc 0.00 1.34 29.22 71.58 158.00 121.97 
Acetaldehyde 
Unc Uny 1.50 1.58 4.35 10.12 21.59 16.92 
Tnl Bkg 2.04 2.59 2.57 0.00 5.02 31.97 
Tnl Bkg Uny 1.83 1.86 1.85 1.79 2.29 6.34 
Unc 0.00 0.00 0.91 1.45 4.81 6.74 
Acetone 
Unc Uny 1.90 1.93 1.97 1.98 3.10 3.42 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 1.59 1.52 1.51 1.50 1.72 2.33 
Unc 0.00 0.00 2.43 1.95 2.35 0.00 
Acrolein 
Unc Uny 1.60 1.63 1.85 1.78 2.56 2.46 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.00 0.00 0.00 0.00 0.00 0.00 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Propanal 
Unc Uny 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 2.32 2.36 2.34 2.32 2.66 3.61 
Unc 0.00 0.00 0.00 2.36 0.00 0.00 
Crotonaldehyde 
Unc Uny 2.48 2.52 2.53 2.60 3.72 3.81 
Methyl Ethyl Ketone Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
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Tnl Bkg Uny 0.41 0.42 0.42 0.42 0.49 0.65 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
 
Unc Uny 0.44 0.45 0.45 0.45 0.67 0.68 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 1.44 1.46 1.45 1.44 1.65 2.24 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Methacrolein 
Unc Uny 1.54 1.56 1.57 1.57 2.31 2.37 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 0.96 0.98 0.97 0.96 1.10 1.50 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Butanal 
Unc Uny 1.03 1.05 1.05 1.05 1.54 1.58 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny -0.19 -0.19 -0.19 -0.19 -0.22 -0.29 
Unc 0.00 0.00 0.00 -0.48 -0.22 0.00 
Benzaldehyde 
Unc Uny -0.20 -0.20 -0.20 -0.30 -0.34 -0.31 
Tnl Bkg 4.72 8.05 7.99 7.90 4.74 10.14 
Tnl Bkg Uny 3.83 4.04 4.01 4.02 4.38 6.31 
Unc 0.00 0.00 18.57 41.34 24.35 0.00 
Glyoxal 
Unc Uny 3.93 3.97 5.09 7.80 8.29 6.17 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny 1.53 1.55 1.54 1.53 1.75 2.38 
Unc 0.00 0.00 0.00 1.39 0.00 0.65 
Valeraldehyde 
Unc Uny 1.63 1.66 1.67 1.79 2.45 2.52 
Tnl Bkg 0.00 0.00 0.00 0.00 0.00 0.00 
Tnl Bkg Uny -0.18 -0.18 -0.18 -0.18 -0.21 -0.28 
Unc 0.00 0.00 0.00 0.00 0.00 0.00 
Tolualdehyde 
Unc Uny -0.19 -0.20 -0.20 -0.20 -0.29 -0.30 
Tnl Bkg 0.00 0.00 0.00 0.00 1.76 0.00 
Tnl Bkg Uny 1.48 1.51 1.50 1.48 1.70 2.31 
Hexanal 
Unc 0.00 0.00 0.00 0.00 7.67 0.00 
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 Unc Uny 1.59 1.61 1.62 1.62 2.53 2.44 
        
Tnl Bkg 29.44 33.22 33.00 49.03 71.77 135.28 
Tnl Bkg Uny 19.28 19.51 19.38 21.52 25.71 39.87 
Unc 1.96 3.19 217.97 355.98 5424.08 6020.09 Total 
Unc Uny 18.83 19.16 40.84 57.55 636.29 704.58 
 
